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ABSTRACT 
Climate change is progressing at a rapid pace, especially in northern regions, where the 
most dramatic land surface warming is occurring. Boreal ecosystems are therefore situated in an 
area which is particularly susceptible to the impacts of climate change. This dissertation 
represents a comprehensive assessment of the interactions between tree growth, climate, and 
carbon at multiple temporal scales in the southern boreal forest. The goal of this work is to better 
understand the potential impacts of climate change on boreal forest growth and carbon dynamics 
in this region. The collection of research contained herein took place at the Boreal Ecosystem 
Research and Monitoring Sites (BERMS), Old Jack Pine (OJP), Old Black Spruce (OBS), and 
Old Aspen (OA). Located in the southern boreal forest of Saskatchewan, these sites represent 
one of the most comprehensive collections of long-term high-resolution carbon (C) flux data, 
alongside of which comes an equally impressive suite of meteorological data. To supplement 
these data, I collected high-resolution stem size data of the dominant and co-dominant tree 
species at these sites: jack pine (Pinus banksiana), black spruce (Picea mariana), eastern larch 
(Larix laricina), and trembling aspen (Populus tremuloides) between 2015 and 2018 (the short-
term observation period). I also collected tree cores from jack pine, black spruce, and trembling 
aspen, to extend the radial growth record backwards to stand establishment (~ 100 years; the 
long-term observation period), and contributed the latest in a series of repeated inventory style 
measurements which make up a two-decade long record (1994 – 2016) of forest C stocks and 
fluxes at OJP and OA (the medium-term observation period).  
Chapter 2 presents a multiscale dendroclimatological assessment of jack pine, black 
spruce, eastern larch, and trembling aspen. I find shifting growth/climate relationships at annual-
scale resolution over the long term (~100 years), including a weakening of the relationship 
between radial growth and precipitation and an enhanced positive relationship between radial 
growth and spring and summer air temperature over time. Like the divergence problem, which 
highlights issues of non-stationarity in the growth/climate relationship in trees further north, I 
attribute the cause of this dynamic relationship to shifting limitations. In this case, the change 
likely signals a decrease in moisture limitations and a positive response to recent warming. Over 
intra-annual scales, during the short-term observation period (2015 – 2018), I find evidence of a 
positive relationship between daily stem radius change (∆R) and air temperature within the 
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growing season. However, this relationship was only significant when moisture requirements 
were met, calling reference to the importance of moisture and its role in supporting the 
relationship between radial growth, or tracheid cell production, and temperature. 
Changes in moisture conditions in the Canadian boreal forest, both historically and 
moving forward, are spatially variable across the landscape. In Prince Albert, Saskatchewan, 
where the nearest and most complete long-term record of climate is recorded, conditions have 
been warming and wetting since 1890 (Appendix D). It is likely that the BERMS sites are 
situated in a region where an increase in evaporative demand in response to recent warming has, 
to date, been successfully offset by a co-occurring increase in precipitation, resulting in a net 
increase in available moisture. This is likely having a positive impact on tree growth in this 
region, but one which is unlikely to persist as rates of evapotranspiration are expected to 
overshadow any gains in moisture related to an increase in precipitation over the long term.  
In Chapter 3, I apply analytical techniques analogous to those from the 
dendroclimatological assessment completed in Chapter 2, in this case they are applied to the 
study of radial growth and stem radius change, and its relationship with ecosystem C-flux over 
the medium- and short-terms. Overall my findings are similar to those from other recent studies. 
At annual scale resolution, only the radial growth of jack pine was significantly and positively 
correlated with ecosystem production (net ecosystem production; NEP) over the medium term 
(~20 years). Comparatively, black spruce and trembling aspen are more likely to rely 
situationally on stored carbohydrates, introducing the potential for inconsistency in the 
relationship between ecosystem production (uptake) and radial growth (allocation). During the 
observation period (2000 – 2018), the annual radial growth of jack pine benefited from non-
structural carbohydrate storage from the previous fall and from elevated levels of NEP during the 
current spring. Over intra-annual scales, there was effectively no evidence of a relationship 
between stem size and measures of ecosystem C-flux during the short-term observation period 
(2015 – 2018). Perceived relationships between these variables over fine temporal scales were 
likely spurious, driven by a combination of factors, including but not limited to precipitation and 
soil temperature. 
In Chapter 4, I identify large-scale changes in the distribution of carbon across the 
landscape at OJP and OA over the medium term (between 1994 – 2016). The most notable stock 
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changes occurred during periods of enhanced tree mortality, likely resulting from moisture stress 
at OA, and windthrow at OJP. There is evidence that ecosystem level production was also 
impacted during periods of enhanced tree mortality, however this differed between the two sites. 
Tree level net primary production (NPPTree) decreased at OJP in response to enhanced mortality, 
yet it was maintained at a relatively stable level at OA regardless of the mortality rate. The 
deciduous trees here were likely more capable of taking advantage of holes in the canopy by 
increasing their production efficiency. As for eddy covariance based net ecosystem production 
(NEPEC), the opposite pattern was observed. NEPEC was maintained at a stable level at OJP, and 
was notably depressed during a period of increased mortality at OA. 
In summary, over the near term, warming and wetting may continue to benefit the radial 
growth of several tree species in the southern boreal forest of Saskatchewan, where moisture has 
long represented the main limiting factor. However, in mature trembling aspen dominated stands, 
an increase in available moisture may contribute to moderate disturbance, resulting in enhanced 
tree mortality and a significant flux of carbon from biomass to necromass. Moving forward, rates 
of evapotranspiration are expected to overshadow any gains in moisture related to an increase in 
precipitation. Under these circumstances, species in the southern boreal forest will need to rely 
more heavily on effective precipitation and root-zone soil moisture to support their growth. 
Under extreme water limitations, we are likely to see a negative response to warm air 
temperature, reduced growth rates, and enhanced tree mortality. Lastly, wind likely represents an 
important agent of change in mature jack pine stands. An increase in the incidence and intensity 
of extreme storms and high winds due to climate change will likely lead to more frequent high-
impact disturbance in the boreal forest. While mature jack pine stands may be particularly 
vulnerable to this type of disturbance, this is likely to have widespread impacts in a range of 
boreal forest stands.  
While the findings from this and other studies help to improve our understanding of the 
impacts of climate change on boreal forest trees, more work is needed. Relationships between 
radial-tree growth and climate in the Canadian boreal forest are regionally defined and species 
specific, requiring widespread and comprehensive study. In the meantime, when forecasting 
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1.1 Boreal Forest Extent 
Spanning approximately 1.2 billion hectares, the circumpolar boreal forest comprises 
about one third (33%) of global forests (Ruckstuhl et al., 2008; FAO 2015) and almost three 
quarters (73%) of the earth’s coniferous forests (Kuusela, 1992). A little over one quarter (25%- 
28%) of the circumpolar boreal is located within Canada (Kuusela, 1992; Brandt, 2009; FAO 
2015), covering just under a third (30%) of the entire Canadian landscape (Brandt, 2009). 
Despite a significant amount of industrial activity in the Canadian boreal forest, with over half 
(54%) classified as managed for commercial use (Brandt et al., 2013), much of the boreal forest 
in Canada remains relatively unfragmented by roads or settlement (Ruckstuhl et al., 2008), thus 
providing substantial opportunity for conservation and adaptive management moving forward.  
Forest stand composition in the Canadian boreal is relatively simple, limited to a little 
over a dozen tree species (Soja et al., 2007; Brandt, 2009). Tree species with the greatest relative 
abundance include white spruce (Picea glauca), black spruce (Picea mariana), eastern larch 
(Larix laricina), jack pine (Pinus banksiana), and trembling aspen (Populous tremuloides). These 
five species are most widely distributed across the Canadian boreal forest and often dominate the 
canopy (Brandt, 2009). Their distribution is based on complex interactions between several 
factors including climate, site characteristics, and disturbance (Soja et al., 2007). In the north, 
stand assemblage and distribution is governed primarily by temperature and growing season 
length, with tree line coinciding approximately with the 6°C isotherm for mean temperature 
during the growing season, or the 10°C isotherm for mean temperature during the warmest 
month (Sellers et al., 1995; Körner, 2003). Along the southern edge of the boreal forest, in 
central and western Canada, main drivers include the moisture regime, natural disturbance, and 
land use change (Sellers et al., 1995; Ireson et al., 2015). The location of treeline at the southern 
edge of the boreal forest is in large part governed by moisture. South of the boreal forest in 
Saskatchewan, where there is insufficient moisture to naturally support more diverse forest 
assemblages, we find the aspen parkland (a transitional ecozone), and grassland ecosystems.  
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1.2 Climate Change and its Impacts  
Despite the ongoing spread of misinformation, and accusations of climate “alarmism” 
directed towards the scientific community, it has been suggested that scientists are in fact more 
likely to present conservative estimates when discussing rates of climate change (Brysse et al., 
2013). It is therefore unsurprising that a wide range of climatic changes are occurring more 
rapidly than originally anticipated (Soja et al., 2007). The most cited of which is the observed 
increase in land surface and ocean temperature (IPCC 2013). It has been suggested that, as a 
society, we have likely already committed to over 1.5°C of mean land surface warming 
regardless of the actions taken today to avoid this outcome (Huntingford and Mercado, 2016). 
The most significant warming is expected in the north, above 50 degrees latitude (IPCC, 2013; 
Xia et al., 2014; Huntingford and Mercado, 2016). The Canadian boreal forest is therefore likely 
already committed to land surface warming well above 2°C (Huntingford and Mercado, 2016). 
The most recent data collected by the National Oceanic and Atmospheric Administration 
(NOAA) show that eight of the ten warmest years on record since 1880 occurred within the last 
decade (prior to 2019), and the last four years, 2015, 2016, 2017, and 2018, ranked 2nd, 1st, 3rd, 
and 4th, respectively (NOAA, 2019a). According to these data, global surface temperature 
anomalies, compared with a base period of 1901 – 2000, are already approaching 1°C over land 
and ocean, and 1.5°C over land only (NOAA, 2019b). Meanwhile, much of northern Canada has 
already experienced an increase in annual average temperature surpassing 2°C since 1948 (Bush 
and Lemmen, 2019). 
Trends in moisture conditions over the last several decades are spatially variable across 
the Canadian boreal, with a marked drying trend across much of central and western Canada, 
while northeastern Canada appears to be trending towards wetter conditions (Wang et al., 2014; 
Bush and Lemmen, 2019). Moving forward, mean annual precipitation is projected to increase 
across the Canadian boreal, with the most notable changes to occur over the winter and spring 
months (Henderson and Sauchyn 2008; Jeong et al., 2014). However, gains in precipitation are 
likely to be offset by an increase in evapotranspiration over the long term, leading to a net 
increase in the frequency and severity of drought, especially in central and western Canada 
(Wang et al., 2014).  
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In response to this expected intensification of drought, reduced growth rates and 
widespread tree mortality are expected worldwide (Allen et al., 2010). In Canada, such impacts 
are already being felt. A significant increase in mortality rates has been reported in a wide range 
of forest ecosystems across the country, with the most pervasive effects being felt in western 
Canada (Peng et al., 2011; Michaelian et al., 2011). Tree mortality in western Canada is 
occurring at 2.6 times the rate observed in eastern Canada, and is significantly correlated with 
increasing temperature and moisture deficit (Peng et al., 2011).  
An increase in atmospheric CO2 and the resulting land surface warming could have some 
positive impacts on the Canadian boreal forest. In controlled experiments, it has been shown that 
CO2 fertilization can lead to a moderate increase in tree growth and water use efficiency (Field et 
al., 1995; Ainsworth and Long, 2005; Norby et al., 2005). However, field-based studies on this 
subject are far less conclusive, often reporting little to no measurable impact of CO2 fertilization 
(Huang et al., 2007; Gedalof and Berg, 2010; Girardin et al., 2011). Several studies have 
reported on a measurable lengthening of the growing season due to the recent warming trend 
(Linderholm, 2006; Piao et al., 2007). In response, boreal forest vegetation exhibits general 
trends towards earlier greening, later dormancy, and enhanced productivity, all contributing to a 
measurable increase in annual primary production (Piao et al., 2007). It has been suggested that a 
further lengthening of the growing season could lead to a measurable increase in the annual-
radial growth of several boreal forest trees (Huang et al., 2010). With warmer temperatures in the 
north also comes an expected change in boreal forest species distribution and a northward 
advance of treeline (Overpeck et al., 1991). In a more recent global-scale meta-analysis, 
undertaken by Harsch et al. (2009), treeline advance was recorded in just over half of the 
surveyed sites.  
Beyond the direct physiological response of trees to changes in climate, there exists 
several other factors that influence boreal forest health in Canada. The fire regime is often cited 
as the most significant factor controlling ecological processes and structure in the boreal forest 
(Weber and Flannigan 1997; Tardif et al., 2016). Climate change is expected to significantly 
alter the fire regime in Canada, with an expected lengthening of the fire season, and an increase 
in both fire frequency and severity (Weber and Flannigan, 1997). It is further suggested that the 
greatest increase in fire weather severity is likely to occur in the Boreal Plains of Saskatchewan 
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and Alberta (Wang et al., 2015). Wind represents another agent of disturbance with potential to 
be exaserbated by climate change, due to an expected increase in the incidence and intensity of 
extreme storms and high winds (IPCC, 2013). This will lead to more frequent high impact 
disturbance in vulnerable stands across the boreal forest. Jack pine and trembling aspen 
dominated stands are identified as being particularly susceptible to windthrow (Rich et al., 2007). 
Insect outbreak is also expected to increase in both incidence and intensity, in large part due to 
warming during the spring and winter (Volney and Fleming, 2000). While insect outbreak is 
ecologically damaging in and of itself, at times accounting for over one-third of annual forest 
loss in Canada (Volney and Fleming, 2000), trees are more susceptible to wildfire post-outbreak, 
representing one of many positive feedbacks capable of further intensifying the impacts of 
climate change.  
Another example of a positive feedback occurring in the Canadian boreal is the decrease 
in albedo associated with advancing treeline in the north (Soja et al., 2007; Ruckstuhl et al., 
2008). Replacing lighter more reflective tundra ground cover (lichens, mosses, and shrubs), with 
darker forest cover will increase the amount of incidental solar radiation absorbed by the earth, 
further amplifying the warming effect. Meanwhile, above the discontinuous permafrost line, 
local topography and soil composition will dictate whether permafrost thaw will lead to flooding, 
deforestation, and the establishment of mosses and sedges, or drying, afforestation, and the 
decomposition and release of soil organic carbon (Camill, 2005; Baltzer et al., 2014). It should 
be noted that, due to the size and complexity of the boreal forest biome, the impacts of climate 
change are numerous and often inconsistent across space. 
1.3 Importance of the Boreal Forest 
The boreal forest plays an important role in governing global-scale processes (Bonan, 
2008), many of which contribute to the earth’s radiative equilibrium. As mentioned, changes in 
boreal forest distribution and extent can have a significant impact on the earth’s energy balance, 
through changes in surface and cloud albedo (Betts, 2000; Spracklen et al., 2008). The boreal 
forest is also an extremely important component of the global carbon cycle, as it represents the 
single largest reservoir of global terrestrial carbon (Sellers et al., 1995; Soja et al., 2007; 
Bradshaw and Warkentin 2015). Capable of storing nearly twice as much carbon as tropical 
forests (Carlson et al., 2009), the boreal forest currently contains an estimated 1041.5 Pg C ± 
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674.2 of stored carbon, equivalent to at least half of the carbon currently present in our 
atmosphere (Gower et al., 2001; Bradshaw and Warkentin 2015). If even a small portion of 
boreal carbon stocks were to be rereleased to the atmosphere, it would undoubtedly have severe 
consequences on the global climate system.   
On an annual basis, the boreal forest has long been regarded as an overall sink for carbon. 
There is evidence suggesting that the strength of this sink is decreasing significantly in response 
to rapid climate change, with some regions approaching carbon neutrality, and others expected to 
become an overall source of carbon in the foreseeable future (Kurz et al., 2008; Peng et al., 2011; 
Bradshaw and Warkentin 2015). In a recent spatial analysis of carbon flux across the 
circumpolar boreal zone, Canada yielded the lowest mean annual carbon flux overall, with a 
value just above, but near zero. Temporally, there was an observed declining trend in annual 
carbon uptake since 1980 and projected persistent negative annual fluxes in Canada by 2050 
(Bradshaw and Warkentin 2015). It is also likely that some regions (e.g. western Canada) are 
already emitting more carbon than they are storing in response to rapid changes in the 
disturbance regime (Bradshaw and Warkentin 2015). 
An earlier study undertaken by Kurz et al. (2008) examined sink-source dynamics in 
Canada’s managed forest, where much of the empirical data regarding forest carbon in Canada is 
collected. Canada’s managed forest represents 65% of Canada’s total forested land, including a 
large portion of the Canadian boreal forest (Brandt et al., 2013; NRCan 2017; ECCC 2017). The 
results from this study show that Canada’s managed forest was a net sink for carbon in 2000 and 
2001. Following this two-year period, the forest shifted to a net source for carbon in 2002, where 
it is projected to remain for the next 20 years, through 2022 (Kurz et al., 2008). The authors of 
this paper also provided more explicit predictions concerning the actual magnitude of forest 
carbon emissions. They predicted that the managed Canadian forests would be a source of 
approximately 30 to 245 Mt of Carbon between 2008 and 2012, in large part due to the 
increasing impact of natural disturbance on forest carbon stocks (Kurz et al., 2008). Thanks to 
the passage of time, these predictions can now be validated, and according to published data, 
they were in fact correct. The managed forest in Canada has not been a sink for carbon since 
2001, and it can be said that they were conservative with their estimates of carbon emissions 
between 2008 – 2012, since approximately 330 Mt of carbon were emitted from the managed 
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forest during this period, 35% more than the upper limit of their prediction (NRCan 2017; ECCC 
2017).  
1.4 Carbon Distribution and Measurement 
Much of the storage capacity of boreal forests is attributable to the ability of peatland and 
permafrost soils to accumulate and store carbon over hundreds or even thousands of years. It is 
estimated that boreal soils can contain up to 85% of the total C stock, with the remaining 15% 
being allocated to overstory and understory vegetation (Lal, 2005; Carlson et al., 2009). This is a 
big picture estimate at the whole-biome level, but there is much regional variability when 
working over smaller spatial scales. A regional study of carbon stocks by Banfield et al. (2002) 
focused on a 12 Mha region in the cordilleran-boreal transition zone in western Alberta. Using a 
few different observation methods and models, the authors identified a slightly lower proportion 
for soil carbon (between 60% and 77% of the total C stock), with some disagreement between 
measurement methods. These two studies provided an overview of forest carbon stocks with 
coarse spatial and temporal resolution. Scale is extremely important when trying to identify or 
better understand the main processes driving the distribution (stock), and the movement of 
carbon from one pool to another (flux). As resolution increases, carbon dynamics become 
increasingly dominated by regional or stand level processes (Misson et al., 2007; Litton et al., 
2007; Chen et al., 2013).  
The most accurate way to measure forest carbon flux at the stand or ecosystem level is 
with the eddy covariance (EC) method, which provides a measure of gas exchange between the 
forest ecosystem and the atmosphere (Baldocchi, 2003). This method provides a representation 
of the ebb and flow of carbon into and out of an ecosystem, measured as the net ecosystem 
exchange (NEE). Depending on the level of detail required by a given study, it is often required 
to redefine or partition the flux into some of its component parts. In terms of flux partitioning, 
there exist reliable models used to separate NEE into gross ecosystem production (GEP), and 
total ecosystem respiration (RE), built on the notion that nighttime NEE = RE (Stoy et al., 2006; 
Richardson et al., 2012). Net ecosystem production (NEP) is relatively easy to resolve. NEP 
represents the net uptake of CO2 by the ecosystem, including losses from both plant-based 
autotrophic respiration (RA) and decomposition-based heterotrophic respiration (RH), the sum of 
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which is equal to RE. While NEE is positive when CO2 is emitted, NEP = -NEE and is positive 
when CO2 is absorbed (Reichstein et al., 2012). Net primary production (NPP) is more difficult 
to quantify. Like NEP, NPP also represents the net uptake of CO2 by the ecosystem, but 
accounting only for autotrophic respiration (NPP = GEP - RA), it therefore more accurately 
represents the net assimilation of photosynthetic carbon by a forest. Quantifying NPP often 
requires complementary field-based techniques to directly measure, either biometrically or 
allometrically, RA and RH, to break RE down into its discrete components (Law et al., 2000; 
Ohtsuka et al., 2009).  
It is also important to understand where carbon is being allocated within a forest 
ecosystem. To do so, the forest can be compartmentalized into layers (e.g. crown, overstory, 
understory, soil), or further into individual constituents (e.g. foliage, wood, roots), to assess how 
each component contributes to overall forest primary production. Carbon allocation is measured 
or inferred in a few different ways, either from physical measurements in the field, or with gas-
exchange flux measurements, scaled to an appropriate level (Gower et al., 2001; Litton et al., 
2007; Chen et al., 2013). A study by Misson et al. (2007) used eddy covariance to assess the 
contribution of forest understory, including soil level processes, to the overall annual flux. The 
authors of this paper report that the understory can account for up to 39% of the total gross 
primary production (GPP), an analogous measure to GEP (Stoy et al., 2006), yet across the 
studied sites, understory contributes on average about 14% to total GPP. Furthermore, understory 
can account for around half of total ecosystem respiration, with a higher proportion in deciduous 
forests (62%), when compared with coniferous forests (44%) (Misson et al., 2007). A study by 
Litton et al. (2007), working across a wide range of forest types, reports that carbon allocation to 
foliage remains remarkably constant year to year. Further, above ground NPP is found to be 
significantly and positively correlated with annual GPP (Litton et al., 2007; Chen et al., 2013). 
With regards to allocation of total above ground NPP in the Canadian boreal forest, wood 
accounts for between 50% - 61%, foliage between 25% - 42%, and understory between 4% - 
22% (Gower et al., 2001). Contributions to below ground NPP (coarse and fine root) are highly 
dependent on forest type, with the highest relative values associated with jack pine forests, and 
the lowest with aspen forests. The magnitude of below ground NPP varies between 12% - 87% 




While eddy covariance may represent the most accurate method for measuring carbon 
exchange between an ecosystem and the atmosphere, it is limited in its ability to offer a 
breakdown of the flux beyond its main components of GEP, RE, and NEP (or NEE) (Baldocchi 
2003). Furthermore, the equipment necessary to measure eddy covariance flux is costly to deploy 
and must be maintained over long periods. Detailed eddy covariance flux data are therefore 
sparse and often limited in length (Gea-Izquierdo et al., 2014). These limitations restrict the 
development of a detailed and mechanistic understanding of carbon allocation across a wide 
range of forest ecosystems, which is required to accurately anticipate the impacts of climate 
change on forest biogeochemical cycling (Litton et al., 2007; Chen et al., 2013) 
Biometric based measurements regarding the growth of individual forest components can 
be used to partition annual production into some of its component parts. One of the main 
challenges of better understanding forest production and carbon allocation may be a lack of 
reliable and consistent biometric measurement techniques to supplement eddy covariance based 
flux data (Babst et al., 2014a; Babst et al., 2014b). In this context, tree-rings hold great potential. 
Tree-rings have several characteristics that make them attractive as a potential proxy for 
ecosystem production. Firstly, they are an in-situ representation of forest wood production over 
time. This is significant considering that carbon stored in woody biomass represents the largest 
component of forest ecosystem production (Gower et al., 2001; Chen et al., 2013) and is the most 
significant and persistent annual sink for atmospheric carbon (Ilvesniemi et al., 2009), 
responsible for offsetting an estimated 15% of anthropogenic carbon emissions annually (Pan et 
al., 2011). While other components of ecosystem production, including annual contributions 
from understory growth, foliage, coarse and fine root, may be difficult to extrapolate from tree 
rings, proportions of carbon allocated to different components of total NPP are remarkably 
consistent across geographic regions (Gower et al., 2001). Therefore, total NPP may be reliably 
estimated from measures of above ground NPP (Gower et al., 2001). Above ground NPP and 
total NPP were significantly correlated with an r2 of 0.66-0.68 across boreal forest stands, and 
above ground NPP was positively correlated with the mean annual biomass increment, meaning 
it can be calculated from ring-widths (Gower et al., 2001; Rocha et al., 2006). Tree ring data are 
also easily accessible and often inexpensive to collect, and there already exists an extensive 
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international repository of tree ring data. Yet to date, tree-ring data have been underutilized in 
the context of forest carbon research (Babst et al., 2014b). 
For these reasons, there are several studies that attempt to quantify the relationship 
between radial growth and forest ecosystem production. These represent a relatively new area of 
study, and so far have yielded mixed results. When assessing this relationship on an annual scale, 
several studies report significant correlations between ring-widths, or values of woody biomass 
accumulation derived from stem measurements, and several eddy covariance based measures of 
ecosystem production (Rocha et al., 2006; Zweifel et al., 2010; Babst et al., 2014a; Gea-
Izquierdo et al., 2014; Lempereur et al., 2015). Some of these studies identified no relationship 
between tree growth and GEP (Rocha et al., 2006; Zweifel et al., 2010), while others report the 
opposite (Gea-Izquierdo et al., 2014; Lempereur et al., 2015). Interestingly, all these studies 
identified a positive relationship between the annual radial increment and same-year annual NEP 
(Rocha et al., 2006; Zweifel et al., 2010; Babst et al., 2014a; Gea-Izquierdo et al., 2014; 
Lempereur et al., 2015). The persistence in the observed relationship between annual radial 
growth and NEP is surprising considering that annual ring-width measurements are simply 
representative of the biomass increment – the portion of carbon allocated and stored within a 
discrete pool over a discrete period. Measurements of NEP are far more complex, relating to 
integrated, ecosystem wide processes of carbon uptake and partitioning across several pools. For 
this reason, there is substantial variability in the strength of this relationship between species, 
between sites, and across the temporal scale (Zweifel et al., 2010; Babst et al., 2014a; Gea-
Izquierdo et al., 2014; Lempereur et al., 2015). This is not surprising considering that these 
characteristics would influence the distribution of carbon across the landscape. In fact, there are 
several reasons to expect a decoupling of the relationship between the radial growth increment 
and ecosystem production. These are explored in detail in the subsequent sections.  
1.6 Potential Disconnection Between Tree Rings and Carbon Flux 
Lempereur et al. (2015) identified a strong relationship between the annual biomass 
increment and components of ecosystem production (GPP, NEP) at coarse temporal scales. This 
relationship decreased in significance with increasing temporal resolution. It is suggested that the 
breakdown in this relationship could be due to differences in how radial growth and ecosystem 
production interact with growing season conditions. For example, due to differences in their 
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response and threshold tolerances to extremes in temperature and moisture stress (Lempereur et 
al., 2015). Under limiting temperature and moisture conditions, values for ecosystem production 
remained positive while the cell production responsible for radial growth had ceased (Lempereur 
et al., 2015). Therefore, while growth ceases in response to a certain level of temperature and 
moisture stress, photosynthesis and the assimilation of carbohydrates persist to a higher threshold 
limit. Perhaps the non-structural carbohydrates (NSCs) that are produced under these conditions 
are allocated to the maturation of existing tracheid cells, or stored for when growth reinitiates, or 
used to proliferate roots in search for deeper water. What is know is learned from Deslauriers et 
al. (2016) who suggested that without sufficient moisture to provide the required turgor pressure, 
cells would be stuck in the radial enlargement phase of tracheid differentiation. Thus, growth is 
ceased under water limitations. Under these conditions, NSCs are diverted from growth 
processes and used for osmoregulation, to maintain cell turgor pressure (Deslauriers et al., 2016). 
Large amounts of carbohydrate storage, or significant allocation from stored 
carbohydrates to support growth, could theoretically result in a decoupling of ecosystem 
production from the annual biomass increment, resulting in autoregression or time lags in the 
relationship between carbon assimilation and allocation (Richardson et al., 2013). The magnitude 
of carbon flux in and out of internal storage pools are also species specific, with some species 
relying more heavily on stored carbohydrates to maintain cellular respiration or support growth 
(Richardson et al., 2013). Gea-Izquierdo et al. (2014) found that there was a stronger relationship 
between ecosystem production and radial growth in jack pine then there was in black spruce. 
Jack pine growth maintained a relatively strong relationship with ecosystem production across 
the temporal scale, while black spruce growth was only related to ecosystem production on an 
annual scale (Gea-Izquierdo et al., 2014). It is hypothesized that these differences could be due to 
different carbon allocation strategies between the two species. If black spruce were to have 
significant carbohydrate storage capacity, a beneficial characteristic for stress-tolerant trees, it 
would not only explain the discrepancies seen here, but it would also help explain the observed 
decoupling between black spruce ring-width and annual GEP in the study by Rocha et al. (2006).   
A recent study by Cuny et al. (2015) has helped improve our understanding of the 
phenology and physiology of active ring formation and annual carbon accumulation in the stem, 
which further explains observed discrepancies between forest ecosystem production and woody 
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biomass production over the short term. Only about 20% of total annual ring-width can be 
attributed to the production of new tracheid cells; the radial enlargement of these newly formed 
xylem cells accounts for the remaining 80% (Cuny et al., 2015). The peak rate at which stem size 
increases therefore coincides with the time during which the most tracheid cells are in the radial 
enlargement phase during earlywood production. In contrast, about 90% of woody biomass 
production occurs during cell wall thickening, a later stage of tracheid development (Cuny et al., 
2015). Peak carbon sequestration in woody biomass therefore loosely coincides with the 
production of transition wood, just before the start of latewood production. Cuny et al. (2015) 
observed that by early-August, 90% of the final ring-width was realized, while only 70% of the 
carbon to be stored in woody biomass that year was present within the actively developing ring. 
Much of the asynchrony between peak ring-width and peak carbon storage can therefore be 
attributed to the discrepancy in time required to complete each of the phases of tracheid cell 
development. The radial cell enlargement phase, largely responsible for controlling peak ring-
width, took approximately 12 and 6 days for earlywood and latewood cells respectively, while 
cell wall thickening, largely responsible for peak carbon storage in woody biomass, took 22 and 
50 days respectively (Cuny et al., 2015). Note that the approximate length of time required to 
complete each phase is applicable only to this study. However, an analysis of data from other 
forest ecosystems reveals a similar time lag between peak radial expansion and peak carbon 
storage in woody biomass, to the order of approximately 1-month, 27 ± 6 days in boreal 
ecosystems (Cuny et al., 2015). 
One final reason for discrepancy between the biomass increment and ecosystem 
production is unique to fine scale stem increment data and is due to the nature of this data and 
how it is typically measured, as water related variability increases with temporal resolution 
(Zweifel et al., 2010; Lempereur et al., 2015). Automatic dendrometers provide high-resolution 
data regarding one of the most important components of carbon assimilation, the production of 
new wood. However, high-resolution dendrometer data also contains variability related to 
reversible changes in stem size associated with tree water relations, mainly influencing phloem 
cells (Zweifel et al., 2010). There is therefore a hypothesized decrease in explanatory power of 
the stem increment at sub-annual scales, as tree water begins to play a more defining role in 
biometric stem size data (Zweifel et al., 2010). This provides another possible explanation for the 
observed breakdown in the relationship between the stem increment and ecosystem production at 
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fine temporal resolutions observed by Lempereur et al. (2015). Nonetheless, the authors of 
Zweifel et al. (2010) identify an unexpectedly strong relationship between stem radius change 
(DR) and whole ecosystem NEP across the temporal scale, from half-hourly to annual resolution. 
NEP and stem radius were positively correlated on annual (R2 = 0.85), and monthly scales, and 
negatively correlated at half-hourly scale resolution during days when average daily temperature 
is above zero (Zweifel et al., 2010). The reason for the negative correlation between DR and 
NEP on a half hourly scale in the summer is clear. Warm sunny conditions lead to increasing 
transpiration and dehydration of the stem, these conditions are also favorable for photosynthetic 
activity. It is therefore reasonable to assume that periods of peak stem dehydration during clear 
sunny summer days, would correspond with periods of elevated photosynthetic activity and 
carbon assimilation. Hence, half-hourly correlations were most significant during sunny summer 
days (Zweifel et al., 2010). Water relations also played a role in the correlation between stem 
size and NEP on a monthly scale resolution. Shrinking values for stem size associated with 
winter dehydration corresponded well with ecosystem losses to winter respiration. Moreover, 
between February and March, the rehydration period began, followed shortly by the onset of 
ecosystem photosynthesis (Zweifel et al., 2010). May was an exception in terms of the 
relationship between monthly values of NEP and stem size. During the month of May, stem 
rehydration was still ongoing, while NEP had already reached relatively high values (Zweifel et 
al., 2010). Therefore, due to the nature of dendrometer data, correlations were spurious at sub-
annual resolution, as the processes governing stem size and ecosystem production were not 
causally linked. 
Only when assessing the relationship between radial growth, climate, and ecosystem 
production across the temporal scale can we begin to disentangle some of the complexity 
inherent in this relationship. Monitoring stem radius change over intra-annual scales provides 
vital information regarding the phenology of active ring development and any associated time 
lags between carbon assimilation and allocation (Richardson et al., 2013; Babst et al., 2014a; 
Cuny et al., 2015). To better understand the processes of forest carbon allocation, further 
comparisons between eddy covariance and biometric based measures of carbon flux are needed 
across a wide range of forest ecosystems (Zweifel et al., 2010; Babst et al., 2014a). 
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1.7 A Note on Tree Ring Sampling and the International Tree Ring Databank 
Though there is an extensive repository of tree ring data that could be of potential use, 
there are several potential issues with traditional tree ring sampling and its ability to yield data 
that are useful in answering questions regarding carbon dynamics at the ecosystem level (Babst 
et al., 2014b). Traditional tree ring studies often employ sampling schemes designed to fulfill 
individual project objectives, frequently targeted at old, vulnerable, or stressed individuals and 
stands (Babst et al., 2014b). While the resulting data may prove useful in addressing specific 
research questions, utilizing these data out of context can introduce significant bias. Because 
dendrochronological methods have only recently been applied to the study of forest carbon, there 
lacks a unified standard technique for the quantification of above ground biomass accumulation 
from tree rings, and there remains much inconsistency across studies (Babst et al., 2014b). 
Comparing radial growth data with measures of forest production requires an unbiased ring-
width chronology that is scalable to the stand level. This renders the existing tree ring database 
of little use in the study of forest productivity. 
1.8 Conclusion and Research Gap  
Considering the importance of the boreal forest in terms of its ability to sequester 
atmospheric carbon, it is imperative that we develop a comprehensive understanding of the 
processes governing carbon flux across a diverse set of boreal forest stands. To fully appreciate 
the intricate nature of carbon balance in the boreal forest, we must, perhaps most importantly, 
gain an understanding of the mechanisms driving the allocation and storage of photosynthetic 
carbon in the tree stem. The stem represents the single most important repository of above 
ground carbon in the boreal forest (Lal et al., 2005; Chen et al., 2013) and while the recent 
application of dendrochronology in carbon cycle research has helped to improve our 
understanding of the role of stem-level biomass in forest carbon storage (Rocha et al., 2006; 
Ilvesniemi et al., 2009; Zweifel et al., 2010; Babst et al., 2014; Cuny et al., 2015), there remains 
much work to be done. Our lack of understanding regarding the mechanisms of photosynthate 
storage and allocation, including its role in active ring development, translate to significant gaps 
in our understanding of forest carbon dynamics, and hinders our ability to precisely partition the 
measured carbon flux. Our understanding of these processes directly limits the accuracy of the 
current carbon cycle, and climate-carbon feedback models (Gower et al., 2001; Litton et al., 
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2007; Misson et al., 2007; Zweifel et al., 2010; Chen et al., 2013). A more thorough 
understanding of forest carbon flux and storage will not only improve our ability to accurately 
model the impact of climate change on the carbon cycle, it is also needed to help inform the 
decision-making process, which can lead to more informed and sustainable forest management 
policy, and strategies for climate change mitigation (Bradshaw and Warkentin, 2015). To my 
knowledge, the proposed research will be the first to apply a cross-scale approach to the study of 
stem-level carbon allocation in the North American boreal forest. It will also be the first to 
simultaneously assess the radial growth/climate relationship across the same temporal scales, 
which has further implications in helping to better understand the direct impacts of climate 
change on the Canadian boreal forest. In short, the goal of this research is to better understand 
the interface between radial growth, climate, and carbon in the southern boreal forests of Canada. 
1.9 Study Sites  
In 1993, the Boreal Ecosystems Atmosphere Study (BOREAS) was launched, 
representing one of the most comprehensive investigations of boreal forest dynamics at the 
ecosystem level (Sellers et al., 1995). The main goal of this international effort was to improve 
our collective understanding of boreal ecosystem-atmosphere interactions in the face of 
significant global change (Sellers et al., 1995). Long-term study sites were established in several 
representative North American boreal forest stands, split between a Northern Study Area (NSA) 
and a Southern Study Area (SSA). Within both, a trembling aspen dominated stand, a black 
spruce stand, a jack pine stand, as well as a wetland fen were instrumented (Sellers et al., 1995; 
Sellers et al., 1997). Each of the sites were equipped with an extensive array of equipment to 
collect meteorological, biometeorological, and eddy covariance flux data, mounted on flux 
towers tall enough to measure gas exchange from a mature forest (Sellers et al., 1995; Sellers et 
al., 1997). BOREAS was indeed successful in substantially improving our understanding of 
boreal forest ecosystem processes. A comprehensive assessment of the forests radiation and 
energy balance allowed for significant advancements in climate modeling, while cross-scale 
carbon flux studies helped to better define sink/source dynamics in the Canadian boreal forest 
(Sellers et al., 1997). 
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1.9.1 A Legacy Continued  
As the BOREAS project came to a close, the Boreal Ecosystem Research and Monitoring 
Sites (BERMS) program assumed responsibility for maintaining the sites within the SSA, located 
north of Prince Albert, Saskatchewan. The SSA spans approximately 11,700 km2
 
(Sellers et al., 
1995). Land cover within the SSA can be broken down as follows: Wet conifer stands (often 
dominated by black spruce), cover the largest proportion of the SSA, accounting for 46% of the 
total land area, followed by dry conifer stands (often dominated by jack pine), and aspen 
dominated stands, covering approximately 20% and 13% of the SSA respectively (Kljun et al., 
2007). It can therefore be said that the study sites within the SSA, Old Jack Pine (OJP), Old 
Black Spruce (OBS), and Old Aspen (OA) are appropriately representative of the area overall. 
This area is ideal for the study of climate change impacts on the Canadian boreal forest. Based 
on the literature reviewed, this area is particularly vulnerable to climatic change, with enhanced 
sensitivity to drought (Michaelian et al., 2011; Peng et al., 2011), fire weather severity (Wang et 
al., 2015), and insect outbreak (Volney and Fleming 2000). We can therefore expect to see 
measurable changes occur here before elsewhere in Canada. Furthermore, the BERMS continue 
to represent one of the most comprehensive collections of long-term high-resolution carbon flux 
data (Kljun et al., 2007), alongside of which comes an equally impressive suite of meteorological 
data. This powerful dataset provides a significant opportunity to further advance our 
understanding of carbon cycling in the boreal forest.  
1.10 Site Descriptions 
This study was conducted at three of the Boreal Ecosystem Research and Monitoring 
Sites (BERMS), located near the southern edge of the boreal forest in the Boreal Plains Ecozone 
of central Saskatchewan (Figure 1.1). Site characteristics are given in Table 1.1. The climate of 
the study area is characterized by short, warm, dry summers and long, cold winters. 
The Old Jack Pine (OJP) site, located northeast of Candle Lake, Saskatchewan, is an 
even-aged stand of jack pine, naturally established post-fire in 1914 (Barr et al., 2012). The 
understory is composed of clumps of green alder (Alnus crispa), and the dominant ground cover 
includes some bearberry (Arctostaphylos uva-ursi), and a nearly continuous cover of reindeer 
lichen (Cladina mitis). The soil is a well-drained Orthic Eutric Brunisol (loamy sand). 
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The Old Black Spruce (OBS) site is located due north of Candle Lake, and is a black 
spruce dominated forest with co-dominant eastern larch comprising approximately 10% of the 
stand’s makeup (Pappas et al., 2018). The stand was established post-fire in approximately 1879 
(Barr et al., 2012). The understory is mainly comprised of wild rose (Rosa Woodsii) and 
Labrador tea (Ledum groenlandieum). The groundcover is comprised of a mixture of feather 
mosses, sphagnum moss, and lichen. The soil is poorly drained, with a thick layer of peat (~20 
cm) over waterlogged sand. 
The BERMS Old Aspen (OA) site in Prince Albert National Park, is an even-aged stand 
of trembling aspen, naturally established after a forest fire in 1919 (Barr et al., 2012). The 
understory is mainly hazelnut (Corylus cornuta) with a few other shrubs. The topography is 
relatively level, with uniform fetch of at least 3 km in each direction from the tower. The soil is 
an Orthic Gray Luvisol (loam to clay loam). 
1.11 Meteorological Conditions Within the Short-Term Observation Period 
An array of high-resolution meteorological variables are collected at the BERMS sites. 
These include precipitation, volumetric water content (VWC) in the root zone, air temperature 
measured above the canopy, and soil temperature measured at 2, 5, 10, 20, 50 and 100cm depth, 
all recorded over the 22-year period between 1997 – 2018 (21-years, 1997 – 2017, at OA). From 
these high-resolution data, daily average temperatures, VWC, and daily precipitation totals were 
computed for the short-term observation period (2015 – 2018). These were compared with 
average daily temperatures, and average monthly precipitation totals from the 22-year record to 
assess how conditions within the observation period compare to the norm. The following 
description of trends are depicted in Figures 1.2A, 1.2B, and 1.2C. 
2015 
Air and soil temperature during the 2015 growing season were quite average overall. 
Precipitation was similar at all three sites, with below average rainfall during the late spring 
months (May and June), and above average precipitation throughout the summer months (July, 
August, and September). Compared to the 22-year average, the precipitation deficit in the spring 
(May and June) was in the range of approximately (~) 70 – 75 mm at OJP and OBS, and -58 mm 
at OA. This deficit was made up for during the rest of the growing season (July, August, and 
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September), with rainfall that amounted to ~ 60 – 70 mm above the average at OJP and OBS, 
and  +109 mm at OA. VWC followed a similar pattern, with depletion of water in the root zone 
from about mid-May to mid-July, and replenishment of soil water following mid-July.  
2016  
 Beyond a brief cold spell during the second week of May 2016, air temperature tended to 
be above average from the beginning of the growing season until about the end of June, when it 
fell back towards the average. This resulted in warmer than average soil temperatures (by 
approximately 1 – 2 °C) until about mid-August at all three sites. In terms of precipitation; May 
and June were below average at all three sites (~ 35 – 50 mm deficit); July was very wet at OJP 
and OBS (+89 mm and +132 mm, respectively), and average at OA; August was wet at OJP (+32 
mm), and average at OBS and OA; and September had below average precipitation at all three 
sites (~ 10 mm deficit). VWC was average during much of the growing season at OJP, except in 
late-May and June when it fell below the average. At OBS, VWC was above average in May 
below average in late-June, and around average to slightly above average during the rest of the 
growing season. OA had below average VWC during the whole 2016 growing season.  
2017  
 During the 2017 growing season, air temperature flipped from below average in early- to 
mid-May, to above average from about mid-May to mid-June, and again below average during 
the second half of June. This resulted in below average soil temperatures from May to early-July 
at all three sites, except during the warm spell from mid-May to mid-June, which caused soil 
temperatures to approach or surpass the average for a brief period. Soil temperature trended 
around the average for the rest of the growing season, from about early-July to end-September. 
May of 2017 was much wetter than usual, receiving about twice the average amount of 
precipitation for this month at all three sites (~ 40 mm surplus). June was slightly dry at OJP (-20 
mm) and slightly wet at OBS and OA (+14 mm and +23 mm, respectively). The rest of the 
growing season (July – September) received below average amounts of precipitation, except 
during the month of September at OA, which received precipitation amounting to almost exactly 
the average for this site. During this period (July – September), OJP was driest, with a 101 mm 
precipitation deficit, OBS was second driest (-74 mm), and OA had only a 39 mm deficit. Over 
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the course of the 2017 growing season, VWC displayed a declining trend at OJP and OBS 
growing season, going from above average from May to mid-July, to below average from mid-
July to October. At OA, VWC was about average during the first half of the growing season 
(May – mid-July), then falling below the average during the second half (mid-July – October).  
2018 
 Overall trends in air temperature during the 2018 growing season were generally above 
average from the beginning of May to the end of June, near average from early-July to about 
mid-August, and significantly below average from about late-August to end-September. Trends 
in soil temperatures were similar to the described trends in air temperature. Rainfall varied 
significantly between OJP and OBS. At OJP, there was below average precipitation every month 
except for September, which received only 5 mm above the average. At OBS, precipitation was 
slightly above average for May (+5 mm), below average for June (-26 mm), above average for 
July (+23 mm), below average for August (-36 mm), and above average for September (+10 
mm). Over the course of the whole growing season, OBS received only 6 mm less than the 22-
year average, while OJP recorded a 78 mm deficit compared with the average for this site. VWC 
was about average at OJP and below average at OBS. 
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1.13 Tables and Figures 
Table 1.1: Various site characteristics. Stand age is approximated from site descriptions in Barr 
et al. (2012) and correspond well with core samples taken in 2016 at OBS and in 2018 at OJP 
and OA. Stand density is calculated from measurements taken in 2016, at OJP and OA for 
Chapter 4 and at OBS for Pappas et al. (2018). The uncertainty value associated with stand 
density is the standard error between sample plots. The elevated value for standard error 
associated with stand density at OBS results from a large discrepancy in the number of 
individuals between the two circular plots.  
	 OJP	 OBS	 OA	
Latitude	(decimal	oN)	 53.92	 53.99	 53.63	
Longitude	(decimal	oW)	 104.69	 105.12	 106.19	









Figure 1.1: A map showing the location of the BERMS study sites. The extent of the Canadian 




Figure 1.2A: Conditions within the observation period at OJP. From top to bottom, daily mean air temperature (red line), daily mean 
soil temperature measured at 20cm depth (red line), daily precipitation totals (blue columns), and daily mean VWC (green line). 
Trends within each growing season can be compared to the norm, calculated from the 22-year record (1997 – 2018). Average daily 
temperatures (blue lines), and average daily VWC (orange line). Monthly precipitation totals can be compared to the norm with 





Figure 1.2B: Conditions within the observation period at OBS. From top to bottom, daily mean air temperature (red line), daily mean 
soil temperature measured at 2cm depth (red line), daily precipitation totals (blue columns), and daily mean VWC (green line). Trends 
within each growing season can be compared to the norm, calculated from the 22-year record (1997 – 2018). Average daily 
temperatures (blue lines), and average daily VWC (orange line). Monthly precipitation totals can be compared to the norm with 





Figure 1.2C: Conditions within the observation period at OA. From top to bottom, daily mean air temperature (red line), daily mean 
soil temperature measured at 2cm depth (red line), daily precipitation totals (blue columns), and daily mean VWC (green line). Trends 
within each growing season can be compared to the norm, calculated from the 22-year record (1997 – 2018). Average daily 
temperatures (blue lines), and average daily VWC (orange line). Monthly precipitation totals can be compared to the norm with 





RECENT WARMING AND WETTING IS LIKELY HAVING A SHORT-TERM 
POSITIVE IMPACT ON SOUTHERN BOREAL FORESTS IN SASKATCHEWAN 
2.1 Abstract 
Climate change is causing a notable impact on the boreal forest, with projected further 
increases in temperature, precipitation, and evapotranspiration. In this study, a comprehensive 
assessment of the tree growth/climate relationship was undertaken to better understand the 
potential impacts of climate change on four widespread boreal tree species (Pinus banksiana, 
Picea mariana, Larix laricina, and Populus tremuloides) located at the southern limits of the 
western Canadian boreal forest. At annual resolution, the growth/climate relationship changed 
over the lifetime of each forest stand. Over the last several decades, the relationship between 
precipitation and annual-radial tree growth has weakened, while positive relationships between 
spring and summer air temperature and annual-radial tree growth have emerged, likely signaling 
a decrease in moisture limitations, and a positive response to spring warming. Over finer 
temporal scales, precipitation is likely the main driver of stem radius change (∆R), with jack pine 
radius having the most consistent positive relationship. Precipitation had a stronger relationship 
with stem radius variation in black spruce and eastern larch during periods of low volumetric 
water content (VWC) in the root zone, pointing to the likelihood that certain species rely more 
heavily on available moisture in the uppermost layers of the soil column to replenish stem water, 
especially during extended dry periods. It was also found that warm air temperatures had an 
immediate negative impact on stem water content due to transpiration. This was most marked 
during periods of reduced moisture availability, when trees are more susceptible to net water 
volume loss. During periods when moisture was not limiting, a positive relationship between 
lagged air temperature and ∆R was detected. Warm air temperatures may therefore play an 
important role in stimulating tracheid cell production when moisture requirements are met. The 
findings from this study support the conclusion that boreal forest tree species may benefit from 
spring and summer warming over the near term, providing there is sufficient moisture to support 
growth. However, over the long term, rates of evapotranspiration are expected to overshadow 
gains in moisture related to an increase in precipitation. Under these circumstances, we are likely 




Despite a few accusations of climate “alarmism” directed towards the scientific 
community, recent observations have shown that climate change, and its impacts, have in fact 
been underestimated (Brysse et al., 2013). It is therefore unsurprising that the rate of climate 
change is faster than anticipated, especially in northern regions (Soja et al., 2007; Bush and 
Lemmen, 2019), where the most dramatic and rapid land surface warming is expected to occur 
(IPCC 2013; Huntingford and Mercado, 2016). This warming is already having an observable 
impact on trees in northern forests. For example, there is evidence of treeline advance and 
shifting ecosystem boundaries, of tree growth decline and mortality, and of an intensification of 
wildfire and insect outbreak across a range of boreal forest ecosystems (Soja et al., 2007; Harsch 
et al., 2009). These impacts are also quite prevalent across the boreal forest in Canada (Hogg et 
al., 2002; Kasischke and Turetsky, 2006; Michaelian et al., 2011; Peng et al., 2011; Wang et al., 
2015). Trends in moisture conditions over the last several decades are spatially variable across 
the Canadian boreal, with a marked drying trend across much of central and western Canada, 
while northeastern Canada appears to be trending towards wetter conditions (Wang et al., 2014). 
Moving forward, mean-annual total precipitation is projected to increase across the Canadian 
boreal, with the most notable changes to occur over the winter and spring months (Henderson 
and Sauchyn 2008; Jeong et al., 2014; Zhang et al., 2019). However, gains in precipitation are 
likely to be offset by an increase in evapotranspiration over the long term, leading to a net 
increase in the frequency and severity of drought, especially in central and western Canada 
(Wang et al., 2014; Tam et al., 2018). 
The boreal forest plays an important role in governing global-scale processes (Bonan, 
2008). For example, changes in boreal forest distribution and extent can have a significant 
impact on earth’s radiative balance, through changes in surface and cloud albedo (Betts, 2000; 
Spracklen et al., 2008). The boreal forest is also an extremely important component of the global 
carbon cycle, as it represents the largest reservoir of global terrestrial carbon (Sellers et al., 1995; 
Soja et al., 2007; Bradshaw and Warkentin 2015). Detailed assessments of the radial 
growth/climate relationship of dominant boreal tree species help predictions regarding how the 
boreal forest will respond to further changes in climate (Charney et al., 2016). Traditionally this 
is done using dendroclimatological methods. The standard analysis, developed by Fritts et al. 
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(1971), and later revised by Blasing et al. (1984) and Guiot (1991), involves using a bootstrapped 
response or correlation functions to assess linear relationships between standardized annual-ring 
widths and monthly-climate variables, most often mean temperature and total precipitation. The 
main assumption is that the relationship between climate and radial growth remains relatively 
static over the course of the growth period, a tenet which is increasingly unlikely with ongoing 
rapid climate changes (Biondi, 2000; D’Arrigo et al., 2008). In this environment, a tree’s 
relationship with climate is likely to evolve over the course of its lifetime (e.g., if limitations 
suddenly become fulfilled, or if tolerances are exceeded) (Jacoby and D’Arrigo, 1995). 
Alternatively, we can compute correlation and response functions over a moving or evolving 
window, to address possible non-stationarity in the growth/climate relationship, and to assess 
how the relationship changes over time (Biondi, 1997). Thanks to advances in computing and the 
recent widespread adoption of R statistical software, this type of analysis is common, replicable, 
and easy to compute (Biondi and Waikul, 2004; Zang and Biondi, 2015). 
Over the last few decades, several researchers have turned to automatic dendrometers to 
help examine the tree growth/climate relationship in more detail (Deslauriers, 2003; Bouriaud et 
al., 2005; Gruber et al, 2009; Duchesne et al., 2011; Cocozza et al., 2016; Cocozza et al., 2018; 
Güney et al., 2019; Gao et al., 2019) These studies highlight the potential for dendrometers to 
provide a unique perspective into the mechanisms of tree ring development and its relationship 
with meteorological conditions within the growing season. However, this method of collecting 
high-resolution stem size data is not without challenges. The main one relates to disentangling 
the growth signal from the water signal (Zweifel and Hasler, 2001, Mäkinen et al., 2003; 
Deslauriers et al., 2007a). Dendrometers measure both reversible and irreversible changes in 
stem size. Reversible changes are related to daily tree water relations (Herzog et al., 1995) and 
irreversible changes are associated with radial growth (Deslauriers et al., 2003), which is driven 
in large part by the expansion of newly formed xylem cells (Cuny et al., 2015). For slow growing 
trees, it can be difficult to draw conclusions about the relationship between stem radius change 
and local meteorological variables outside of the main period of stem expansion (Deslauriers et 
al., 2007a). This is the period during which there is the greatest number of earlywood cells being 
produced and undergoing radial enlargement (Deslauriers et al., 2003). Further additions to stem 
size occur beyond this period, as new xylem cells (often latewood cells) continue to be produced 
and existing tracheids enter later stages of development, including cell wall thickening and 
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lignification (Samuels et al., 2006). However, these latter processes have a smaller impact on the 
overall width of the actively developing growth ring (Cuny et al., 2015), and can more easily be 
overshadowed by water-related variability in stem size (Deslauriers et al., 2007a). 
The goal of this study is to comprehensively assess the radial growth/climate relationship 
of four dominant boreal forest species, jack pine (Pinus banksiana), black spruce (Picea 
mariana), eastern larch (Larix laricina), and trembling aspen (Populus tremuloides) in the 
southern boreal forest of Saskatchewan. This includes the application of different 
dendroclimatological approaches to determine how the relationship is expressed at different 
temporal scales (daily, weekly, and monthly), and whether it varies across species and over time. 
Note that over fine temporal scales, the term radial growth is no longer used, and instead I 
discuss relationships between stem radius change (∆R) and weather. These relationships 
nonetheless provide additional information regarding potential responses of tree growth (or stem 
size) to local environmental variables in the southern boreal forest. Intra-annual relationships are 
assessed over four individual growing seasons between 2015 and 2018, while the observation 
period for the examination of inter-annual relationships extends back to stand establishment 
(approx. 100 years).  
2.3 Study Sites 
This study was conducted at three of the Boreal Ecosystem Research and Monitoring 
Sites (BERMS), located near the southern edge of the boreal forest in the Boreal Plains Ecozone 
of central Saskatchewan (Figure 1.1). Site characteristics are given in Table 1.1. The climate of 
the study area is characterized by short, warm, dry summers and long, cold winters. Mean annual 
temperature In Prince Albert (PA), Saskatchewan, where the nearest and most complete long 
term record of climate is recorded, is currently 1.7°C (1989 – 2018). This represents a 1.9°C 
increase in annual average temperature over the last century, when compared to the 1890 – 1919 
reference period (-0.2°C). Annual average precipitation in PA is 517 mm (1983 – 2012), a 60 
mm increase since the 1890 – 1919 reference period (457 mm) (Appendix D). 
The Old Jack Pine (OJP) site, located northeast of Candle Lake, Saskatchewan, is an 
even-aged stand of jack pine, naturally established post-fire in 1914 (Barr et al., 2012). The 
understory is composed of clumps of green alder (Alnus crispa), and the dominant ground cover 
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includes some bearberry (Arctostaphylos uva-ursi), and a nearly continuous cover of reindeer 
lichen (Cladina mitis). The soil is a well-drained Orthic Eutric Brunisol (loamy sand). Water 
table depth is approximately ~6-7 m below the ground surface, and often decoupled from the 
root zone. 
The Old Black Spruce (OBS) site is located due north of Candle Lake, and is a black 
spruce dominated forest with co-dominant eastern larch comprising approximately 10% of the 
stands makeup (Pappas et al., 2018). The stand was established post-fire in approximately 1879 
(Barr et al., 2012). The understory is mainly comprised of wild rose (Rosa Woodsii) and 
Labrador tea (Ledum groenlandieum). The groundcover consists of a mixture of feather mosses, 
sphagnum moss, and lichen. The soil is poorly drained, with a thick layer of peat (~20 cm) over 
waterlogged sand. Water table is near or at the ground surface during most of the year, often 
impinging on the root zone. 
The BERMS Old Aspen (OA) site in Prince Albert National Park, is an even-aged stand 
of trembling aspen, naturally established after a forest fire in 1919 (Barr et al., 2012). The 
understory is mainly hazelnut (Corylus cornuta) with a few other shrubs. The soil is an Orthic 
Gray Luvisol (loam to clay loam). Water table may be as deep as 4 m below the soil surface, at 
times impinging on the root zone.  
2.4 Methods 
2.4.1 Climate and Meteorological data 
Several meteorological variables recorded with 30-minute resolution are collected at the 
BERMS sites. These include precipitation, volumetric water content (VWC) in the root zone, air 
temperature measured above the canopy, and soil temperature measured at 2, 5, 10, 20, 50 and 
100 cm. These are all recorded over the 22-year period 1997 – 2018 (21-years, 1997 – 2017, at 
OA). From these high temporal-resolution data, daily- and weekly-average temperature, VWC, 
and precipitation totals were calculated for the short-term observation period (2015 – 2018). To 
assess lag in the relationship between the meteorological variables and daily ∆R, additional 
datasets were created by lagging daily temperature, precipitation, and VWC backwards from the 
stem radius data by 0 to 11 days. Conditions within the short-term observation period (2015 – 
2018) are compared to the average in Section 1.11 and Figures 1.2 A, B, and C (Chapter 1). 
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Long-term (100+ year) climate records were acquired from the Environment and Climate 
Change Canada (ECCC) climate stations in Prince Albert (station #4056240 and #4056241) and 
Waskesiu Lake (station #4068559). Regression determined the relationship between conditions 
at the ECCC stations and those at the BERMS sites. Long-term climate records for each of the 
BERMS sites were modeled from these observed relationships, however the Prince Albert 
dataset showed a good relationship with BERMS sites overall (Appendix A). Therefore, rather 
than introducing uncertainty into the analysis by using modeled climate data, the Prince Albert 
dataset, which provided an almost continuous record of homogenized mean-, minimum-, and 
maximum-monthly temperature from 1890 – 2018 and adjusted monthly precipitation totals from 
1890 to 2012 was used. 
2.4.2 Dendrometer data 
DC2 type circumference band dendrometers (Ecomatik, 2019) were affixed to four 
individuals of each study species in 2015, trembling aspen at OA, jack pine at OJP, and black 
spruce and eastern larch at OBS. The four dendrometers assigned to each species were split into 
pairs and fed to two HOBO UX120-006M data loggers, for a total of 16 bands, and eight data 
loggers. In 2016, to increase sample depth and cover a wider spatial area within each site, an 
additional 12 individuals of each species were instrumented (DC3 type dendrometers; Ecomatik, 
2019). Over the short-term observation period (2015 – 2018), the sites were visited regularly 
during the growing season (May to October), to ensure the smooth running of the instruments, 
and when necessary, to replace or repair dendrometers. Following the expansion of data 
collection efforts in 2016, between 12 and 16 individual trees of each species were instrumented 
at any given time. 
Raw data were collected with 30-minute resolution, at equal time steps as the 
meteorological data collected at BERMS. An R-script, based on calculations provided by 
Ecomatik, was used to convert the raw dendrometer output to a measure of radius change from a 
starting point of 0µm. The resulting data were checked for errors relating to sensor failure, or 
wildlife activity, and data were omitted accordingly. At our study sites, the dendrometers 
recorded synchronous variations in stem size between individuals. Species averages were 
therefore calculated and used as site- and species-specific records of radius change. The only 
exception was for eastern larch in 2016. This species produced two distinct records of ∆R which 
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were dependent on where the banded individuals were located in the site. Half of the individuals 
being located in a wetter section of OBS, and the other half in an area with less standing water. 
Two species averages were therefore produced for eastern larch in 2016, larch-wet and larch-dry. 
To determine which method would be most appropriate for the extraction of the growth 
signal from the high-resolution dendrometer data, a comparison of the four most common 
extraction methods (stem cycle, Rmean, Rmin, and Rmax) was made in Appendix B. It became 
apparent that the stem cycle approach had a tendency of over-representing large pulses in stem 
size relating to moisture inputs, resulting in increased variability (Appendix B). The “daily mean 
approach” is known to produce similar results as the stem cycle approach and is similarly 
effective at extracting the growth signal (Deslauriers et al., 2007a). Daily and weekly-resolved 
records of mean stem radius were therefore constructed before calculating the difference between 
each value of mean stem radius and the preceding one, resulting in records of stem radius change 
(∆R) over the short-term observation period (2015 – 2018). 
2.4.3 Core Samples 
Core samples were extracted from trees at OJP and OA using a 5.1 mm increment borer 
following the 2018 growing season. A plot-based sampling scheme was employed based on the 
findings from Babst et al. (2014). This sampling protocol is designed to yield ring-width data 
appropriate for the reconstruction of stand-level above-ground biomass accumulation. The 
appropriate sample size is determined by stand density, with dense stands requiring a greater 
sample size to achieve an accurate reconstruction of biomass accumulation (Babst et al., 2014). 
Existing permanent sampling plots at OJP and OA (Gower, 2001) were examined and the one 
which most accurately represented overall stand density at each of the sites was chosen. Every 
living individual within these two plots were sampled and their length was extended on a 
randomly chosen side to accommodate additional individuals and reach the required sample size 
based on stand density. OJP Gower plot 4 was extended by 2.5 m (27.5 m x 25 m), and OA 
Gower plot 2 by 15 m (40 m x 25 m). In total, a single core was extracted from 54 and 46 
individuals at OJP and OA respectively. 
OBS was sampled in 2015 (Pappas et al.; 2020). Here, a single core was extracted from 
>90 black spruce and eastern larch trees located in two 5 m-radius circular plots in random 
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locations within the site. Because of the limited sample size, eastern larch cores were excluded 
from study, along with black spruce cores which contained missing or heavily fragmented 
segments. The final master chronology included 73 black spruce trees (ITRDB site code 
CANA610; https://www.ncdc.noaa.gov/paleo-search/study/29612). 
All samples were processed using standard dendrochronological techniques (Speer, 2010) 
in the Mistik Askiwin Dendrochronology (MAD) Lab. After being mounted to slotted boards and 
sanded with progressively finer grits of sandpaper, each ring was measured with 0.001 mm 
precision on a Velmex stage system, under a Nikon 63X stereomicroscope using ProjectJ2X 
software (VoorTech, 2017). The resulting ring-width series were crossdated using COFECHA 
software (Holmes, 1983; Speer, 2010), and remeasurements were made to account for human 
error and minimize the amount of flagged problematic segments (Table 2.1). The resulting 
crossdated series were standardized using the detrend function in the dplR (Bunn, 2008). A 
negative exponential curve was fit to each series, before species specific master chronologies 
were built. 
2.4.4 Statistical Analysis 
All data analysis and preliminary visualization was done in R. Moving-window 
correlations at both the daily and annual scale, were done using the treeclim package (Zang and 
Biondi, 2015). Bootstrapped Pearson’s correlations were computed over a 30-day/year moving 
window offset by 1-day/year. The resulting relationships were “flagged” if statistically 
significant at the 99% confidence level. The treeclim package was also utilized to undertake a lag 
analysis, computing bootstrapped Pearson’s correlations between variations in stem radius and 
lagged meteorological variables, offset from the records of ∆R by 0 to 11 days. In the case of 
precipitation, which returned errors in two instances when Pearson’s correlations were 
bootstrapped, a non-bootstrapped version was computed. In this instance, significance was 
flagged at the 99% confidence level but based on a critical r-value rather than the bootstrapped 
confidence intervals. Since this type of analysis is not often undertaken at the daily scale, the 
data were tested for normality across each of the 30-day intervals using the Shapiro-Wilk test 
(Appendix C). To further ensure Pearson’s correlations are appropriate for use with these 
datasets, results from the moving-window Pearson’s correlation were also compared to 
equivalent analyses using non-parametric tests, Kendall’s tau and Spearman’s rank correlations 
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(Appendix C). Static-correlation analyses at weekly and annual scales are also undertaken using 
the treeclim package, with statistical significance once again flagged at the 99% confidence 
level. 
2.5 Results  
2.5.1 Inter-annual Growth/Climate Relationships 
An assessment of the static relationships between standardized annual-ring widths and 
monthly climate variables over the long term (n = 94 to 122 years) yielded generally weak 
correlations, with few instances of statistical significance at the 99% confidence level. Black 
spruce radial growth had a negative association with current spring maximum monthly 
temperatures, including a statistically significant negative relationship with maximum-June 
temperature (Figure 2.1-A-i.). The relationship between aspen radial growth and temperature 
during the late-spring and summer months, both from the current and previous growing season 
was generally positive, including a positive correlation with mean-July temperature from the 
current growing season (Figure 2.1-B-i.). There were no statistically significant relationships 
between the radial growth of the study species and minimum monthly temperature, however 
those between aspen radial growth and minimum monthly temperature during the late-spring and 
summer months were once again generally positive (Figure 2.1-C-i.). Black spruce was the only 
species whose annual radial growth was significantly related to monthly precipitation totals 
(Figure 2.1-D-i.). Current spring precipitation (April-June), as well as previous-May and 
previous-August precipitation (year n-1), was positively correlated with black spruce radial 
growth. Relationships between jack pine radial growth and the monthly climate variables were 
generally weak, with no instances of statistical significance. However, perhaps the only climate 
variable of note was May precipitation from the current growing season, which had a relatively 
strong positive correlation with jack pine radial growth (Figure 2.1). 
2.5.2 Non-Stationary Growth/Climate Relationships 
Considering the possibility of non-stationarity in the long-term growth/climate 
relationship, a 30-year moving-window correlation analysis revealed a changing relationship 
between annual-radial growth and climate (Figure 2.1-ii.). Black spruce radial growth was 
negatively correlated with monthly temperature during the spring and summer (March-August) 
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from the mid-1910s to the mid-1960s (Figure 2.1-ii.). Previous July temperature also had a 
negative relationship with black spruce radial growth over this same period. Beginning in the 
mid- to late-1940s, there was a long period where previous September temperature had a 
negative relationship with black spruce radial growth (Figure 2.1-ii.). Overall, there were very 
few intervals during which there were significant positive correlations between black spruce 
growth and monthly temperature variables. Mean and maximum July and September temperature 
had a positive relationship with black spruce radial growth for a few decades during the early-
1900s, and more recently, a positive relationship with current summer temperatures, notably 
minimum September temperature, has emerged (Figure 2.1-C-ii.). 
Compared with black spruce, jack pine and aspen radial growth had weaker relationships 
with monthly temperature, and most were positive (Figure 2.1-ii.). Only recently, since about 
1980, has there been significant positive correlations between monthly temperature variables and 
jack pine radial growth. These emergent positive relationships occur during the early-spring 
(April) and winter (November, December) from the previous growing season, as well as January, 
early-spring (April), and late-summer (July, August, September) from the current growing 
season (Figure 2.1-ii.). 
The strongest and most persistent relationships between aspen radial growth and monthly 
temperature occurred during the beginning and end of the growth record (Figure 2.1-ii.). Early in 
the growth record, from about 1925 to the late 1950s, mean- and minimum-monthly temperature 
had a positive association with aspen radial growth during July of the previous year, and during 
May, June, July, and September of the current year (Figure 2.1-B and C-ii.). In recent decades, 
since about the 1970s and 80s, positive relationships between aspen radial growth and previous 
growing season temperatures have again emerged, including a significant positive correlation 
with mean and maximum September temperature (year n-1) (Figure 2.1-A and B-ii.), and with 
minimum May and June temperature (year n-1) (Figure 2.1-C-ii.). 
The relationship between annual-radial growth and precipitation was most often positive 
(Figure 2.1-D). There were however a few periods of negative correlations with previous June 
and current March for jack pine, and previous October and December for black spruce. Persistent 
positive relationships occurred in May for jack pine, both from the previous and current growing 
season. Current June and August precipitation also had a significant positive relationship with 
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jack pine radial growth, but during only a few 30-year intervals (Figure 2.1-D-ii.). There were 
several instances over the course of the growth record where black spruce radial growth was 
positively associated with monthly precipitation. There were sporadic instances of statistical 
significance in this relationship during May, July, and August of the previous year, and over the 
spring and summer months of the current year (March-August) (Figure 2.1-D-ii.). There were 
only two months during which there were significant relationships between precipitation and 
aspen radial growth. The strongest and most persistent relationship between these two variables 
occurred in September of the previous year, which was positive from the early-1930s to the mid-
1970s. Precipitation during April of the previous year also had a significant positive correlation 
with aspen growth, but over only two intervals (Figure 2.1-D-ii.). It should also be noted that 
relationships between precipitation and radial growth appear to be weakening in recent decades. 
There are no significant correlations between radial growth and precipitation since the mid-1950s 
for aspen, and since the late 1970s for jack pine and black spruce (Figure 2.1-D-ii.). 
2.5.3 Intra-Annual Drivers of Stem Radius Change 
In contrast to Figure 2.1, which relates annual radial growth to monthly climate variables 
over the life of the stands (~ 100 years), Figures 2.2 to 2.6 show the relationships between ∆R 
and meteorological variables at weekly and daily scales during four individual growing seasons 
within the short-term observation period (2015 – 2018). Of the seven meteorological variables 
examined, precipitation was the only one that had a significant correlation with ∆R at weekly 
scale resolution (Figure 2.2). Relationships between weekly precipitation totals and weekly ∆R 
were generally positive for all species assessed in 2017 (jack pine, black spruce, eastern larch, 
and aspen), and in 2018 (jack pine, black spruce, and eastern larch), with statistically significant 
results for jack pine, eastern larch, and black spruce in both years. The relationship between 
weekly jack pine ∆R and precipitation was also moderately positive in 2016. Beyond 
precipitation, VWC was the only other meteorological variable that had noteworthy relationships 
with the weekly ∆R of the study species. Aspen ∆R had a stronger positive correlation with 
weekly VWC in 2017, and jack pine ∆R had a stronger negative correlation with VWC in 2015. 
A lag analysis at weekly resolution showed no significant results. 
At daily resolution, precipitation and air temperature had the most important relationships 
with ∆R. This assessment is based on the strength (r-values) and persistence (consecutive 
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instances of statistical significance) of correlations at the 99% confidence level. Shallow soil 
temperature (measured at 2, 5, and 10 cm) also had a significant relationship with the ∆R of the 
study species, but only for comparatively brief periods of time during the 2016, 2017, and 2018 
growing seasons (Figure 2.3). 
 The relationship between ∆R and precipitation was generally weakest for aspen, most 
persistent (longest running statistical significance) for jack pine, and strongest for black spruce 
and eastern larch (Figures 2.3 and 2.4). In Figure 2.4, relationships between daily precipitation 
and ∆R at lag = 0 provide information regarding the correlation between rainfall and the change 
in mean stem radius since the last 24h cycle. This correlation was always positive, and was 
generally stronger towards the beginning and end of the growing seasons. Correlations between 
∆R and precipitation at lag = -1 day were also positive and generally strongest near the beginning 
and end of each growing season. Beginning at lag = -2 days, the relationship transitions from 
positive to negative. Therefore, precipitation frequently corresponded with an increase in stem 
radius compared to the previous day, or by the next day and a decrease during subsequent days, 
most frequently during the subsequent two days. These three modes can exist simultaneously, 
during the same 30-day interval, or over distinct periods throughout different parts of the 
growing season. The bootstrapping technique resulted in errors and missing data regarding the 
relationship between daily precipitation totals and daily variations in jack pine and aspen stem 
radius in 2017. This particular correlation analysis, shown in figure 2.4, was therefore done 
without bootstrapping. Results at lag = 0 in Figure 2.4 can be compared to bootstrapped versions 
of these same correlations in Figure 2.3 (except for jack pine and aspen in 2017) and the results 
were unaffected. 
 Air temperature had a negative relationship with variations in mean daily stem radius of 
the study species at lag = 0 (Figure 2.5). This shows that warm air temperatures often 
corresponded with a decrease in stem radius since the previous day. This relationship 
transitioned to positive at lag = -1, -2, and -3 days, with the strongest and most persistent positive 
correlations at lag = -2 days. Therefore, warm air temperatures at times corresponded with a 
decrease in the stem radius of the study species compared to the previous day and a subsequent 
increase in stem radius within the next three consecutive days, most frequently during the 
following two consecutive days. Again, these modes can exist simultaneously (e.g. during 
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intervals with start dates in May and June 2016 and 2017), but more frequently occured over 
distinct periods during the growing season (Figure 2.5). These two modes alternated in 2018, 
from positive (lag = -2 and -3 days) for intervals with start dates in May to about mid- June, to 
negative (lag = 0) for intervals with start dates during the second half of June, back to positive 
(lag = -1 and -2 days) for intervals with start dates in July, and again to negative (lag = 0) for 
intervals with start dates in August. 
The relationship between daily soil temperature and ∆R was weak and inconsistent when 
compared with precipitation and air temperature (Figure 2.3). Relationships between soil 
temperature and ∆R were most often positive, and only statistically significant for brief periods 
of time, primarily during the 2016, 2017, and 2018 growing seasons. Soil temperature was 
measured at multiple depths, and the shallowest depths (2, 5, and 10 cm) had the most important 
relationship with the ∆R of the study species. Beyond a few sporadic instances, the only period 
of note during which there were stronger correlations between ∆R and deep soil temperature 
(below 10 cm) was near the end of the 2017 growing season (Figure 2.3). During this period, 
there were significant negative correlations between variations in black spruce, eastern larch, and 
aspen stem radius, and deep soil temperature. Relationships between soil temperature and ∆R 
that were strong at lag = 0 often weakened when lag was introduced. One of the few exceptions 
was again the negative correlation between shallow soil temperature and ∆R towards the end of 
the 2017 growing season, which increased in strength and significance when soil temperature 
was lagged by 1 to 5 days (Figure 2.6). Only the lag analysis for soil temperature at 2 cm was 
shown because patterns remained the same for soil temperature taken deeper in the soil column, 
the only difference being that relationships were weaker. 
Overall, the coniferous study species (jack pine, black spruce, and eastern larch) had 
similar relationships with meteorological conditions within each of the growing seasons. This 
can be seen by comparing the first three (or four in 2016) rows of graphs in Figures 2.3, 2.4, 2.5, 
or 2.6, during any of the growing seasons within the observation period (2015 – 2018). 
Trembling aspen too, at times, exhibited a somewhat similar relationship with meteorological 
conditions. However, there were several potential issues regarding the dataset of aspen stem 
radius that must be considered when interpreting these data. Firstly, due to issues with site 
access, the record of aspen stem radius was quite limited in 2015, both in terms of length and 
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sample depth. Secondly, during the following growing season (2016), there was a severe forest 
tent caterpillar outbreak, which resulted in a near complete defoliation and two separate leaf out 
events (Stephens et al., 2018). This undoubtedly had a severe impact on radial growth, and likely 
altered how these trees reacted to meteorological conditions over the course of this growing 
season. The 2017 growing season was a recovery year, and it was also likely impacted by the 
2016 outbreak. The 2016 and 2017 growth years are therefore not representative of normal 
growing seasons. Furthermore, the aspen time series ends in 2017 due to the decommissioning of 
the Old Aspen site in 2018. Thus, great caution should be exercised when interpreting results 
from OA at daily and weekly resolution. 
2.6 Discussion 
2.6.1 Traditional Dendroclimatological Analysis 
Important relationships that were identified following static dendroclimatological 
analyses are not necessarily those that had the strongest impact on radial growth. When the long-
term radial-growth record was broken down into 30-year segments, and relationships were 
reassessed over a moving window, the monthly climate variables that had the strongest 
associations with radial growth over the long term often showed weak associations over the 
medium term. For example, the relationship between maximum-June temperature and black 
spruce radial growth, which was strong negative over the full length of the growth record, was 
rather weak when the growth record was broken down into 30-year intervals (Figure 2.1-A-i. and 
A-ii.). Similarly, the relationship between mean-July temperature and aspen radial growth, which 
was strong positive over the long term, was again weak over the medium term, with a single 30-
year interval showing a statistically significant result (Figure 2.1-B-i. and B-ii). The static 
correlations that were strongest over the long term are those that were most consistent in terms of 
their quality, with the direction of their relationship remaining the same over time. Therefore, the 
static correlation analysis was only successful in highlighting the relationships that were most 
consistent over time, not necessarily those that were most meaningful in terms of their overall 
influence on radial growth. 
For the entire growth record, relationships between black spruce radial growth and 
monthly temperature during the current and previous growing season (April-September) have in 
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large part been negative, most significantly between the mid-1910s and 1960s. Huang et al. 
(2010) attributed negative correlations between black spruce radial growth and growing season 
temperatures to enhanced water-stress due to increased rates of respiration and 
evapotranspiration under warm conditions. Earlier studies by Dang & Lieffers, (1989) and 
Hofgaard et al. (1999) reported similar relationships, and the timeframe of these studies may 
overlap more closely with the period of enhanced negative correlations between black spruce 
radial growth and growing season temperatures observed in this study. The sensitivity of black 
spruce to water-stress also explains its significant positive relationship with growing season 
precipitation, an association which is more important in this species than it is in jack pine and 
aspen. In this study, jack pine was generally insensitive to the monthly climate variables 
assessed. Over the course of the growth record, May precipitation, both from the current and 
previous growing season is the climate variable that had the most persistent relationship with 
jack pine radial growth, a relationship which is significantly positive from about the mid-1930s 
to the mid-1980s. May precipitation was also found to enhance the radial growth of jack pine in 
Huang et al. (2010), due to the potential importance of spring precipitation for replenishing water 
supply at latitudes north of 52°. Aspen radial growth had generally positive relationships with 
spring temperature in this study, primarily during the current growing season. A positive 
correlation between aspen radial growth and May temperature was also identified in Chen et al. 
(2017), and is attributed to the enhancement of aspen growth in response to early leaf emergence 
and photosynthesis. 
The moving-window correlation analysis also helped to reveal some emergent trends in 
the growth/climate relationship. Emergent relationships between radial growth and temperature 
include: positive correlations between radial growth and current summer temperatures for jack 
pine and black spruce (Figure 2.1-ii.); positive correlations between jack pine radial growth and 
April temperatures (both current and previous), as well as previous-winter temperatures 
(November, December, and current January) (Figure 2.1-ii.); and positive correlations between 
aspen radial growth and previous-growing-season temperatures (April to September). 
Relationships between radial growth and precipitation have also decreased in significance in 
recent decades, since the mid-1950s for aspen, and since the late 1970s for jack pine and black 
spruce (Figure 2.1-D-ii.). Non-stationarity in the growth-climate relationship has been observed 
by many, and is widely discussed in D’Arrigo et al. (2008). However, in contrast to studies 
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which report weakening relationships with temperature (D’Arrigo et al., 2008), the results from 
this study show an enhanced positive relationship with temperature and weakening relationships 
with precipitation. The main difference is that the BERMS sites are located at lower latitudes 
than those reporting a reduction in sensitivity to temperature. In Prince Albert, Saskatchewan, 
where the nearest and most complete long-term record of climate is recorded, there is an overall 
trend towards warmer and wetter conditions since at least the mid-1940s, especially during the 
spring and summer months (Chen et al., 1999; also see Appendix D). Non-stationarity in the 
radial growth/climate relationship is often attributed to shifting limitations (D’Arrigo et al., 
2008), and in this case, it is likely signaling a decrease in moisture limitations, and a positive 
response to warming.  
2.6.2 Assessment of Relationships over Intra-Annual Scales 
As stated earlier, dendrometers produce data containing both reversible and irreversible 
changes in stem size from the competing signals of tree-water relations and radial growth. 
Furthermore, beyond the main period of stem expansion, from late-spring to mid-summer, it is 
more likely for the reversible changes in stem size, caused by the hydration and dehydration of 
the stem, to overshadow any irreversible changes in stem size related to the addition and 
expansion of latewood cells, or to cell wall thickening and lignification late in the growing 
season (Deslauriers et al., 2007a). It is difficult to precisely identify the onset of xylem cell 
production from dendrometer data, as it often overlaps and is easily confused with spring 
rehydration (Deslauriers et al., 2007a; Duchesne et al., 2011). However, based on a preliminary 
analysis of weekly microcore data (not shown), and according to the data of cumulative stem 
radius (Figure 2.7), the main period of stem expansion for the study species runs from 
approximately late-May to mid-July. This is the period during which the dendrometer data are 
most heavily influenced by the radial growth signal. Due to the variable influence of radial 
growth on the dendrometer data, it is common practice to offer a breakdown of the growing 
season, or to isolate the main period of growth, prior to an examination of relationships (Gruber 
et al., 2009; Duchesne et al., 2011). The moving-window correlation analysis is not often applied 
to the study of relationships over fine temporal resolution. However, this technique offers a high-
resolution breakdown of the growing season, allowing for an examination of relationships 
between stem radius variations and meteorological variables, as they evolve during different 
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points in the process of ring development, and in response to changing growing season 
conditions. 
The observed relationship between daily and weekly precipitation and the ∆R of the 
study species (Figures 2.2 and 2.3) was likely related to the influence of stem water content on 
variations in stem radius rather than the influence of radial growth. At daily resolution, a pulse in 
moisture often corresponded with an increase in stem radius either since the previous day, or by 
the next day, most frequently beyond the main period of stem expansion. An increase in stem 
size following a rain event has been observed by many others (Mäkinen et al., 2003; Deslauriers 
et al., 2007b; Turcotte et al., 2011; King et al., 2013; Güney et al., 2019) and is likely driven by 
daily changes in stem water storage. During the day, when transpiration is taking place, water 
storages in elastic tissues (i.e. bark, phloem, cambium) are depleted, resulting in stem shrinkage 
(Steppe et al., 2006; Zweifel et al., 2000; Zweifel et al., 2001). This is less likely to occur during 
rain events, under cloudy conditions and low vapour pressure deficit (VPD). Overnight when 
transpiration is low or ceased, water stores are replenished resulting in stem radius expansion. A 
net increase in stem size is therefore more likely to occur following days when VPD is low, 
when stem water recharge overnight can more easily surpass the volume of stem water depleted 
during the day. Daily changes in stem water storage is therefore dependent on environmental 
conditions such as precipitation, due to its influence on atmospheric demand and moisture 
availability (Zweifel et al. 2005; Drew et al., 2011). 
The link between stem size and stem moisture content was present at the BERMS sites 
regardless of speciation, yet based on the strength and persistence of relationships between ∆R 
and precipitation, jack pine appeared to be most susceptible to stem radius fluctuations in 
response to precipitation (Figure 2.3). This is perhaps unsurprising, considering that this species, 
compared to the other study species, has lesser access to water in the root zone (Figure 1.2 
VWC), and must be more efficient at uptake when water is made available. Similarly, black 
spruce and eastern larch stem radius were more strongly correlated with precipitation during 
periods of depressed VWC in the root zone, towards the end of the 2017 growing season and 
during the main period of growth in 2018 (Figures 1.2 VWC and 2.3). It is believed that jack 
pine is restricted in terms of water availability, whereas black spruce and eastern larch may 
change the depth at which they are uptaking water according to shifting availability. Jack pine is 
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located over well drained sandy soil and while the roots extend deep into the soil column, most 
roots are concentrated near the surface. Conversely, the high water-table at OBS limits the 
rooting depth of black spruce and eastern larch but allows for increased water availability in the 
root zone (Figure 1.2). Jack pine must therefore take advantage of water in the shallow soils 
when it is replenished by precipitation, while black spruce and eastern larch may rely on water 
table resources during wet periods and shift to shallow soil resources when water table depth 
drops well below the root zone. There are reports of similar shifts in the depth of water uptake in 
the literature. Ellsworth and Sternberg (2015) investigated intra-seasonal water use in a dry plant 
community in Florida, USA, and showed that during the dry season the depth of water uptake 
changed according to water availability. Furthermore, Nehemy et al. (2019) used a controlled 
experiment to show that water uptake shifted from shallow to deep water resources in response 
to changes in plant water status. Species ability to quickly acquire transient water sources and 
shift the depth of water uptake under limited supply is an ecological trait (Ehleringer et al., 1991; 
Volkman et al., 2016).  
It is likely that, during periods of reduced moisture, instances of stem water 
replenishment were immediately followed by water loss, as it is more difficult for trees to 
maintain high levels of water storage in the stem under these conditions. This is evidenced by the 
observation that negative relationships between precipitation and stem radius variations 
(strongest at lag = -2 days) were strongest during periods with below average precipitation (e.g. 
May – June, 2016) (Figure 2.4).  
In this study, warm air temperatures corresponded with either a decrease in stem radius 
since the previous day (negative correlations at lag = 0), or an increase in stem radius during 
subsequent days (positive correlations at lag = -1, -2, and -3 days) (Figure 2.4). Negative 
relationships between air temperature and stem radius variations over daily to sub-daily scales 
are well documented and are attributed to an increase in transpiration rates and a decrease in 
stem water volume in response to warm air temperatures (Peng et al., 2017; Cocozza et al., 2018; 
Güney et al., 2019; Gao et al., 2019). Moisture availability also plays a role in governing this 
relationship, since net volume loss is more likely to occur during periods with limited moisture, 
when daily water loss is not easily offset by stem water replenishment overnight (Mäkinen et al., 
2003; Turcotte et al., 2011). This ultimately results in a persistent reduction in amplitude of the 
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diurnal stem size cycle as dryness persists (King et al., 2013). Furthermore, it has been found that 
xylem cell production may cease in response to water limitations (Deslauriers et al., 2016), 
making it more likely for the data of stem radius to be dominated by the stem-water signal during 
periods of water deficit (Zweifel et al., 2016). The observations from this study support these 
findings. It is likely for these reasons that negative relationships between the ∆R of the study 
species and air temperature at lag = 0 are most prevalent during periods with little precipitation 
(Figures 1.2 and 2.5). 
Conversely, air temperature, within an optimal range, may play an important role in 
stimulating xylogenesis (Gruber et al., 2009; Oberhuber et al., 2014; Cocozza et al., 2016), 
perhaps most importantly towards the beginning of the growing season, where air temperature 
exerts significant control over the onset of xylem cell production (Rossi et al., 2007; Rossi et al., 
2008). There is evidence of this at the BERMS sites, but only during periods of increased 
moisture availability. Under these conditions, observations suggest that elevated air temperature 
may result in a stimulation of the processes contributing to radial growth in the study species 
over the next 1 to 3 days, resulting in a positive correlation with lagged air temperature (lag = -1, 
-2, and -3 days) (Figure 2.5). Positive relationships between lagged-air temperature and 
variations in stem radius occured during the main period of stem expansion in 2016, during 
intervals with start dates in early to mid-July, corresponding with a period of increased moisture 
availability (Figures 1.2 and 2.5). The spring of 2017 was also extremely wet, with about twice 
the average amount of precipitation during the month of May (Figure 1.2). Following this input 
of moisture, around the time one would expect the onset of radial growth for the season, there 
were strong positive relationships between the ∆R of the four study-species and air temperature 
(lag = -2 days) (Figure 2.5), pointing to the importance of temperature in stimulating radial 
growth when moisture requirements have been met. 
A good illustration of the dual nature of the relationship between temperature and daily 
stem radius variations can be seen in 2018. There was below-average precipitation during much 
of the 2018 growing season, with pulses of moisture in late-May to early-June, and in July 
(Figure 1.2). It is during these periods of increased moisture that the strongest positive 
correlations between lagged air temperature and variations in stem radius are observed (Figure 
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2.5). Negative relationships with air temperature at lag = 0 occurred intermittently in 2018, 
during the driest periods, in late-June and August (Figure 2.5). 
Observed correlations between stem radius variations and soil temperature, which were 
weak compared to correlations with precipitation and air temperature, were likely spurious, due 
to a co-occurring positive relationship with air temperature. Periods during which the positive 
relationship between ∆R and soil temperature were strongest include early in the growing season 
in 2016 and 2017, during intervals with start dates in mid-May, towards the end of the main 
period of stem expansion, during intervals with start dates in July 2016 and 2018, and beyond the 
main period of stem expansion, during intervals with start dates in August 2017 (Figure 2.6). 
These examples co-occur with the most marked positive relationships with air temperature 
(Figure 2.5), except with a reduction in lag time; likely the time required for warmth to penetrate 
the uppermost layers of the soil.  
 Negative relationships with daily air and soil temperature observed late during the 2017 
growing season initiate almost synchronously across the four study-species immediately 
following a rain event (Figures 2.5 and 2.6). This is likely indicative of a response to the input of 
moisture late in the growing season, during a time when air and soil temperature are falling 
naturally. Following the main period of stem expansion in 2017, there was a steady decline in the 
stem radius of the study-species, indicative of stem dehydration, which lasted from about late-
July to mid-September (Figure 2.8). This was a very dry period, especially at OJP and OBS, 
which received very little precipitation during this time (Figures 1.2, and 2.8C). There was a late 
pulse in stem radius beginning on September 19th, in response to a rainfall event that occurred 
this same day (Figure 2.8A and C). Over a period of only a few days, the study species 
recuperated water volume lost during the dry period, and with the exception of aspen, which 
received a bit of a reprieve from this dry spell with an input of moisture on August 5th (Figure 
1.2), extend past their maximum recorded stem radius (Figure 2.8). Beginning around interval 
233-262 (August 21st – September 19th), two relationships emerged: a strong negative 
relationship with air and soil temperature for all species (Figures 2.5 and 2.6), and a strong 
positive relationship with precipitation (lag = -1 day) for jack pine, black spruce, and eastern 





It is important to acknowledge that the tree growth/climate relationship is often not static 
through time. This relationship has been shown to evolve over the short- and long-term in 
response to changes in weather, stand dynamics, and climate. In this study, the most common 
dendroclimatological analysis, a static bootstrapped correlation function analysis between 
annual-ring width and monthly climate variables, was only successful in identifying the 
growth/climate relationships which were most consistent over time, not necessarily those that 
had the most meaningful impact on the growth of the study species, especially in recent years. 
This type of analysis may therefore become increasingly inappropriate during this era of climatic 
change. To account for the dynamic nature of the growth/climate relationship, I computed 
bootstrapped response or correlation functions over a moving or evolving window. In doing so, I 
identified a general increase in the strength of positive relationships between spring and summer 
air temperature and radial growth, and a weakening of the relationship between precipitation and 
radial growth over time, likely signaling a positive response to spring warming, and a decrease in 
moisture limitations in this region. These findings provide evidence that non-stationarity in the 
growth-climate relationship may be more widespread than originally anticipated, or perhaps that 
these issues are becoming far reaching as climate change progresses. The identification of 
dynamic growth/climate relationships in the southern boreal forest has implications for 
researchers using tree rings for paleoclimate reconstruction and for projections of future climate.  
The ∆R of the study species at daily and weekly scales often had a strong correlation with 
precipitation, likely calling reference to the importance of stem water dynamics in driving intra-
annual variations in stem radius. Bearing in mind the limitations associated with the record of 
aspen stem radius, I identified a response to moisture input that was common among the four 
study-species. Furthermore, the relationship between precipitation and ∆R in black spruce and 
eastern larch was enhanced during periods of low VWC in the root zone. This points to the 
likelihood that certain species in the southern boreal forest rely more heavily on available 
moisture in the uppermost layers of the soil column during periods when moisture in the root 
zone is limiting. This information would be of interest to those conducting ongoing research 
regarding tree-water relations in the southern boreal forest. 
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I also observed that warm air temperatures have an immediate negative impact on stem 
water content. This occurred most frequently at the BERMS sites during periods of reduced 
moisture availability, when the stem radius data are more likely to be dominated by the water 
signal, and when trees are more susceptible to net volume loss due to high evaporative demand. 
When moisture requirements are met however, warm air temperatures may have the opposite 
effect, playing a role in stimulating radial growth and resulting in an increase in stem radius 
during subsequent days. It should be noted that this interpretation of results is based on detailed 
observation over a limited timeframe. Continued observation and alternative methods of analysis 
are required to test this hypothesis, and to determine whether these results persist over a longer 
period.  
It has been suggested that some boreal forest trees may end up benefitting from spring 
warming over the near term, providing there is sufficient moisture to support growth (Boisvenue 
& Running, 2006; Zhang et al., 2008; D’Orangeville et al., 2018). In response to the recent 
wetting trend, trees in the southern boreal forest may be particularly well positioned to take 
advantage of this short-term benefit, considering that moisture is the dominant limiting factor 
controlling the distribution and growth of trees in this region (Sellers et al., 1995; Ireson et al., 
2015) and considering that the dominant species in this region may benefit from moderate 
climate warming (D’Orangeville et al., 2018). The results from this study help to support this 
hypothesis and build on our understanding of a potential response of common boreal forest trees 
to changing environmental conditions in the southern boreal forest. It is likely that the recent 
warming and wetting trend has contributed to a decrease in moisture limitations and an enhanced 
positive response to spring and summer air temperature over the last several decades at the 
BERMS sites. There is evidence of this at annual temporal resolution, in the shifting 
growth/climate relationships, and in the more nuanced response of daily variations in stem radius 
to environmental conditions within the growing season. It is recommended that high-resolution 
stem-size data should continue to be collected at these sites to establish a proper baseline for 
active ring development and its response to meteorological conditions within the growing 
season. Moving forward, rates of evapotranspiration are expected to overshadow any gains in 
moisture related to an increase in precipitation (Wang et al, 2014), a trend which is likely already 
occurring further north (Walker & Johnstone 2014). Under these circumstances, and based on 
my results, species in the southern boreal forest will need to rely more heavily on effective 
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precipitation to support their growth, until a point when water becomes extremely limiting, in 
which case we are likely to see reduced growth rates, and a negative response to warm air 
temperature (Barber et al., 2000; Walker & Johnstone 2014).  
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2.9 Tables and Figures 
Table 2.1: Characteristics of annual radial growth chronologies built from core samples taken at 
OJP and OA in the fall of 2018, and at OBS in the spring of 2016 for Pappas et al. (2018).  




























Figure 2.1: Static (i.) and moving window (ii.) correlation analyses between annual radial growth and monthly maximum (A), mean 
(B), and minimum (C) monthly temperature, and total monthly precipitation (D). Pearson’s correlations were computed 1000 times 
with random resampling. Significance at the 99% confidence level is based on the bootstrapped confidence intervals and is highlighted 





Figure 2.2: Correlation analysis between weekly variations in stem radius and local meteorological variables (x-axis). Relationships 
were assessed within each growing season from 2015 – 2018. The height of each column represents Pearson’s correlation r-value from 
-1 to 1. Bootstrapped confidence intervals (99%) are depicted by each error bar, and instances of statistical significance are 
highlighted in blue. Graphs are arranged in a two-dimensional matrix with growing season year listed above each column, and 
site/species names labeled to the right of each row. 
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Figure 2.3: Moving window correlation functions of the relationship between daily resolved variations in stem radius and local 
meteorological variables within each of the four growing seasons during the observation period (2015 – 2018). Relationships were 
assessed over a 30-day moving window, jogged by 1-day, using bootstrapped Pearson’s correlations (1000 iterations). The labels on 
the x-axis correspond with the start date of each 30-day interval. For example, intervals with start dates in May are found between the 





Figure 2.4: Moving window correlation functions assessing lag in the relationship between daily variations in stem radius and 
precipitation, which is lagged from the stem radius data by 0 to 11-days (y-axis). As above, relationships were assessed over a 30-day 
moving window, jogged by 1-day, using bootstrapped Pearson’s correlations. The labels on the x-axis correspond with the start date of 





Figure 2.5: Moving window correlation functions assessing lag in the relationship between daily variations in stem radius and mean 
air temperature, which is lagged from the stem radius data by 0 to 11-days (y-axis). As above, relationships were assessed over a 30-
day moving window, jogged by 1-day, using bootstrapped Pearson’s correlations. The labels on the x-axis correspond with the start 





Figure 2.6: Moving window correlation functions assessing lag in the relationship between daily variations in stem radius and shallow 
soil temperature (2cm depth), which is lagged from the stem radius data by 0 to 11-days (y-axis). As above, relationships were 
assessed over a 30-day moving window, jogged by 1-day, using bootstrapped Pearson’s correlations. The labels on the x-axis 
correspond with the start date of each 30-day interval. Significance at the 99% confidence level is flagged with *.
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Figure 2.7: Dendrometer graphs depicting cumulative stem radius (from 0) each growing season 
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Figure 2.8: Case study of the 2017 growing season, comparing daily records of cumulative stem 
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CHAPTER 3 
SPURIOUS CORRELATION INFLUENCES RELATIONSHIPS BETWEEN RADIAL 
GROWTH AND ECOSYSTEM CARBON FLUX AT DAILY TEMPORAL 
RESOLUTION 
3.1 Abstract 
 Tree rings hold great potential to improve our still fragmented understanding of carbon 
(C) allocation across a wide range of forest ecosystems. To date, tree rings remain underutilized 
in the context of forest carbon research and those pioneering this work have produced mixed, 
sometimes conflicting results. Further examination of the relationship between stem radial 
growth and forest carbon is required across a wide range of forest ecosystems. This study 
assesses relationships between stem radial growth and ecosystem C exchange in three southern 
boreal forest stands at annual, monthly, weekly, and daily resolutions over the medium- to short-
term. At annual resolution, jack pine (Pinus banksiana) was the only species among those 
studied whose radial growth was significantly related to measures of ecosystem C-flux, with a 
significant positive relationship between annual-ring width and net ecosystem production (NEP). 
More specifically, based on a detailed assessment of relationships between 1999 – 2018, the 
annual-radial growth of jack pine benefited from elevated levels of NEP during the previous fall 
(August and October) and the current spring (May). Based on these findings, it is likely that 
radial growth had more of a consistent relationship with NEP for jack pine than black spruce 
(Picea mariana) or trembling aspen (Populus tremuloides). A correlation analysis at weekly 
resolution failed to provide any reliable information regarding the relationship between stem 
radius change (∆R) and ecosystem C-fluxes. Correlations between the ∆R of all study species 
and ecosystem production (both gross and net) at daily resolution (2015 – 2018) were likely 
spurious, because of the confounding influence of stem water content on daily variations in stem 
radius. To improve results over fine temporal resolutions, more work is needed to develop a 
standardized method that more effectively disentangles the growth from the water signal in 
dendrometer data. Overall, the findings from this study agree with recent research, thus helping 
to broaden our understanding of the numerous and complex processes that govern both radial 
growth and ecosystem C-flux in a diverse set of forest ecosystems and climates across the globe. 
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3.2 Introduction 
Eddy covariance is a standard and accurate method for measuring carbon exchange 
between an ecosystem and the atmosphere (Baldocchi 2003). While this method is often quite 
effective at directly measuring net ecosystem exchange (NEE) or net ecosystem production 
(NEP), eddy covariance is limited in its ability to offer a breakdown of the flux beyond its main 
components of gross ecosystem production (GEP) and total ecosystem respiration (RE) 
(Baldocchi 2003). Furthermore, the equipment necessary to measure eddy covariance flux is 
costly and must be maintained over long periods. Detailed eddy covariance flux data are 
therefore sparse and often limited in length (Gea-Izquierdo et al., 2014). These limitations 
restrict the development of a detailed and mechanistic understanding of carbon allocation across 
a wide range of forest ecosystems, which is required to accurately anticipate the impacts of 
climate change on forest biogeochemical cycling (Litton et al., 2007; Chen et al., 2013) 
One of the main challenges of better understanding forest production and carbon 
allocation may be a lack of reliable and consistent biometric measurement techniques to 
supplement eddy covariance based flux data (Babst et al., 2014a; Babst et al., 2014b). Biometric 
based measurements regarding the growth of individual forest components can be used to 
partition annual production into some of its component parts. In this context, tree rings hold great 
potential since they have several characteristics that make them attractive as a potential proxy for 
ecosystem production. Firstly, they are an in situ representation of forest wood production over 
time. This is significant considering that carbon stored in woody biomass often represents the 
largest component of forest ecosystem production (Gower et al., 2001; Chen et al., 2013) and the 
most significant and persistent annual sink for atmospheric carbon (Ilvesniemi et al., 2009), 
responsible for offsetting an estimated 15% of anthropogenic carbon emissions annually (Pan et 
al., 2011). While other components of ecosystem production, including contributions from 
understory growth, foliage, coarse and fine root, may be difficult to extrapolate from tree rings, 
proportions of carbon allocated to different components of total NPP were remarkably consistent 
across geographic regions (Gower et al., 2001). Furthermore, above ground NPP and total NPP 
were significantly correlated across boreal forest stands (Gower et al., 2001) leading to the 
assumption that total NPP may be reliably estimated from measures of above ground NPP, which 
can be extrapolated from ring widths (Bakker et al., 2005; Babst et al., 2014a; Papas et al., 2020 
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in review). Tree-ring data are also easily accessible and often inexpensive to collect, and there 
already exists an extensive international repository of tree-ring data. Yet to date, tree rings have 
been underutilized in the context of forest carbon research (Babst et al., 2014a). 
For these reasons, there are several recent studies that attempted to quantify the 
relationship between radial growth and forest ecosystem production that have yielded mixed 
results. On seasonal to annual scales, several studies reported significant correlation between ring 
widths or values of above ground woody biomass accumulation derived from ring widths, and 
several eddy covariance based measures of ecosystem exchange (Rocha et al., 2006; Zweifel et 
al., 2010; Babst et al., 2014b; Gea-Izquierdo et al., 2014; Lempereur et al., 2015; Delpierre et al., 
2016; Teets et al., 2018). Some identified no relationship between ring width and GEP (Rocha et 
al., 2006; Zweifel et al., 2010; Delpierre et al., 2016), while others found the opposite (Babst et 
al., 2014b; Gea-Izquierdo et al., 2014; Lempereur et al., 2015). Interestingly, most identified a 
positive relationship between the annual-radial increment and same-year annually or seasonally 
resolved measures of NEP (Rocha et al., 2006; Zweifel et al., 2010; Babst et al., 2014b; Gea-
Izquierdo et al., 2014; Lempereur et al., 2015; Delpierre et al., 2016; Teets et al., 2018). 
Persistence in the observed relationship between annual-radial growth and NEP is surprising 
considering that annual ring-width measurements are simply representative of the biomass 
increment – a portion of carbon allocated and stored within a discrete pool, over a discrete 
period, while measurements of NEP relate to integrated, ecosystem wide processes of carbon 
uptake and partitioning across several pools. 
Studies that assessed the relationship between ecosystem C-flux and radial growth over 
finer temporal resolution (half-hourly, daily, weekly, and monthly) revealed substantial 
variability in the strength and persistence of this relationship between species, between sites, and 
across the temporal scale (Granier et al., 2008; Zweifel et al., 2010; Gea-Izquierdo et al., 2014; 
Lempereur et al., 2015). Lempereur et al. (2015) identified a significant decrease in the strength 
and significance of the relationship between radial growth and components of ecosystem flux 
with increasing temporal resolution, while Granier et al. (2008) and Zweifel et al. (2010) 
observed the opposite. Zweifel et al. (2010) identified an unexpectedly strong relationship 
between stem size fluctuations and whole ecosystem NEP across the temporal scale, which 
changed from positive at annual and monthly scales to negative at half hourly scale resolution. 
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Inconsistency in these findings highlights the complexity inherent in this relationship, with 
changing allocation patterns of photosynthetic carbon to different storage pools, which varies 
between species (Richardson et al., 2013; Gea-Izquierdo et al., 2014), between sites (Babst et al., 
2014b; Gea-Izquierdo et al., 2014), in response to environmental conditions (Lempereur et al., 
2015; Deslauriers et al., 2016), and with the seasonal cycle (Richardson et al., 2013; Babst et al., 
2014b; Cuny et al., 2015).  
The possibility of time lags between the assimilation of photosynthetic carbon and its 
allocation to the production of stem level woody biomass must also be considered. Newly 
assimilated carbon can be applied directly to active growth or stored in photosynthate reserves to 
be used when needed. The role and relative contribution of these two pools in fueling active 
growth is still a subject of current research (Deslauriers et al., 2016). Significant allocation of 
photosynthetic carbon to carbohydrate storage pools, or from storage pools to maintain growth 
processes would result in a decoupling of radial growth from ecosystem production (Richardson 
et al., 2013; Deslauriers et al., 2016). Furthermore, the magnitude of C flux in and out of internal 
storage pools are species specific, with some relying more heavily on stored non-structural 
carbohydrates (NSCs) to maintain cellular respiration or to support growth (Richardson et al., 
2013). Increased lags between measures of ecosystem C-flux and radial growth are expected in 
deciduous trees (Richardson et al., 2013) and in slow growing or stress tolerant trees (Rocha et 
al., 2006; Gea-Izquierdo et al., 2014). 
Rather than being causally linked, correlations between stem size and ecosystem C 
exchange may be driven by a common response variable (Delpierre et al., 2016). Because 
photosynthesis responds to environmental conditions almost instantaneously, while stem size or 
radial growth may take far longer to react to the same input, there is also potential for lag in a 
spurious correlation between these two variables. Furthermore, it is suggested that radial growth 
and ecosystem production have different threshold tolerances to extremes in temperature and 
moisture stress (Lempereur et al., 2015). While growth ceases in response to a certain level of 
temperature and moisture stress, photosynthesis persists to a higher threshold limit (Lempereur et 
al., 2015; Deslauriers et al., 2016). Under these conditions, NSCs are diverted from growth 
processes to meet other requirements, such as osmoregulation, to maintain cell turgor pressure 
during drought (Deslauriers et al., 2016). Unfavourable environmental conditions may therefore 
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result in a temporary disruption in the relationship between ecosystem production and radial 
growth or stem size over finer temporal scales. 
While the recent application of dendrochronology in carbon cycle research has improved 
our understanding of the role of stem-level biomass in forest carbon storage (Rocha et al., 2006; 
Granier et al., 2008; Ilvesniemi et al., 2009; Zweifel et al., 2010; Babst et al., 2014b; Gea-
Izquierdo et al., 2014; Cuny et al., 2015; Lempereur et al., 2015; Delpierre et al., 2016; Teets et 
al., 2018), there remain numerous uncertainties. Our lack of understanding regarding the causal 
link between measures of radial growth and ecosystem C-flux, as well as the mechanisms of 
photosynthate storage and allocation, including its role in active ring development in different 
forest types and under changing environmental conditions, translate to significant gaps in our 
understanding of forest carbon dynamics. This directly limits the accuracy of the current carbon 
cycle and climate-carbon feedback models (Gower et al., 2001; Litton et al., 2007; Misson et al., 
2007; Zweifel et al., 2010; Chen et al., 2013). To better understand the processes of forest carbon 
allocation, further comparisons between eddy covariance and biometric based measures of 
carbon uptake are needed across a wide range of forest ecosystems (Zweifel et al., 2010; Babst et 
al., 2014b). 
Central Saskatchewan is a prime location for this type of work. This is an area that is 
particularly susceptible to many of the impacts of climate change (Henderson and Sauchyn 2008; 
Bush and Lemmen, 2019), and where one of the most comprehensive collections of long-term 
high-resolution carbon flux data resides (Kljun et al., 2007). These carbon flux data are being 
collected at the Boreal Ecosystem Research and Monitoring Sites (BERMS), alongside an 
equally impressive suite of meteorological data, since the mid-1990s. This study assesses the 
relationship between radial growth and ecosystem carbon flux across the temporal scale in three 
common southern boreal forest stands. High resolution stem radius data were collected over four 
growing seasons (from 2015 – 2018) and radial growth measured from ring widths extends the 
record of annual tree growth back to stand establishment, allowing for an assessment of 
relationships at multiple temporal scales over the short (2015 – 2018) and medium (1997 – 2018) 
terms. This powerful collection of data provides a significant opportunity to further advance our 
understanding of carbon dynamics in the boreal forest. 
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3.3 Study Sites 
This study was conducted at three of the BERMS sites, located near the southern edge of 
the boreal forest in the Boreal Plains Ecozone of central Saskatchewan (Figure 1.1). Site 
characteristics are given in Table 1.1. The climate of the study area is characterized by short, 
warm, dry summers and long, cold winters. 
The Old Jack Pine (OJP) site, located northeast of Candle Lake, Saskatchewan, is an 
even-aged stand of jack pine, naturally established post-fire in 1914 (Barr et al., 2012). The 
understory is composed of clumps of green alder (Alnus crispa), and the dominant ground cover 
includes some bearberry (Arctostaphylos uva-ursi) and a nearly continuous cover of reindeer 
lichen (Cladina mitis). The soil is a well-drained Orthic Eutric Brunisol (loamy sand). 
The Old Black Spruce (OBS) site is located due north of Candle Lake and is a black 
spruce dominated forest with co-dominant eastern larch comprising approximately 10% of the 
stands makeup (Pappas et al., 2018). The stand was established post-fire in approximately 1879 
(Barr et al., 2012). The understory is mainly comprised of wild rose (Rosa Woodsii) and 
Labrador tea (Ledum groenlandieum). The groundcover contains a mixture of feather mosses, 
sphagnum moss, and lichen. The soil is poorly drained, with a thick layer of peat (~20 cm) over 
waterlogged sand. 
The BERMS Old Aspen (OA) site in Prince Albert National Park is an even-aged stand 
of trembling aspen naturally established after a forest fire in 1919 (Barr et al., 2012). The 
understory is mainly hazelnut (Corylus cornuta) with a few other shrubs. The topography is 
relatively level, with uniform fetch of at least 3 km in each direction from the tower. The soil is 
an Orthic Gray Luvisol (loam to clay loam). 
3.4 Methods 
3.4.1 Dendrometer data 
DC2 type circumference band dendrometers (Ecomatik, 2019) were mounted to groups of 
four trees of each study species in 2015, including trembling aspen at OA, jack pine at OJP, and 
black spruce and eastern larch at OBS. Measurements from the four groups of four trees were fed 
to HOBO UX120-006M data loggers, for a total of 16 bands. In 2016, to increase the sample 
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depth and cover a wider spatial area within each site, an additional 12 trees of each species were 
added to the network using DC3 type band dendrometers (Ecomatik, 2019). Over the short-term 
observation period, the sites were visited regularly during the growing season to ensure the 
smooth running of these instruments and when necessary, to replace or repair dendrometers. 
Following the expansion of data collection efforts in 2016, there were always between 12 and 16 
dendrometers logging measurements of stem size for each species at any given time. 
Raw data were collected with 30-minute resolution, at equal time steps as the 
meteorological data collected at BERMS. An R-script, based on calculations provided by 
Ecomatik, was used to convert the raw dendrometer output to a measure of radius change from a 
starting point of 0µm. The resulting data were checked for errors resulting from sensor failure, or 
wildlife activity, and data were omitted accordingly. Under normal circumstances, variations in 
stem radius were synchronous between individuals of the same species. Species averages were 
therefore calculated and used as a site- and species-specific records of radius change. The only 
exception was for eastern larch in 2016, which produced two distinct records of ∆R which was 
dependent on the banded individuals location within the site. Half of the individuals being 
located in a wetter section of OBS, and the other half in an area with less standing water. I 
therefore produced two species averages for eastern larch in 2016, larch-wet and larch-dry. 
To extract the growth signal from these high-resolution data, the stem-cycle approach 
described in Deslauriers et al. (2007) was applied using the dendrometeR software package in R 
(van der Maaten et al., 2016). Daily and weekly mean (Rmean), minimum (Rmin), and 
maximum (Rmax) stem radius for each of the study species were also calculated. From the 
observations comparing the four extraction methods (stem cycle, Rmean, Rmin, and Rmax) 
(Appendix B), the stem cycle approach had a tendency of over-represented large pulses in stem 
radius relating to moisture inputs, resulting in increased variability (Appendix B). The “daily 
mean approach” is known to produce similar results as the stem cycle approach and is similarly 
effective at extracting the growth signal (Deslauriers et al., 2007). Daily and weekly-resolved 
records of mean stem radius were therefore constructed before calculating the difference between 
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3.4.2 Core Samples 
Core samples were extracted using a 5.1 mm increment borer, from OJP in the fall of 
2018, and from OA in the spring of 2019, following a plot-based sampling scheme based on the 
findings of Babst et al. (2014a). This sampling protocol is designed to yield ring-width data 
appropriate for the reconstruction of stand-level above-ground biomass accumulation. This 
sampling scheme is believed to better represent stand-level growth and stem-level biomass 
accumulation compared with traditional dendroclimatological sampling, which tends to introduce 
bias by oversampling the largest or oldest individuals (Babst et al., 2014a). 
The appropriate sample size was determined by stand density, with dense stands 
requiring a greater sample size to achieve an accurate reconstruction of biomass accumulation 
(Babst et al., 2014a). I examined the existing permanent sampling plots at OJP and OA (Gower, 
2001) and chose the one which most accurately represented overall stand density at each of the 
sites. I sampled every living individual within these two plots, and extended their length on a 
randomly chosen side to accommodate additional individuals and reach the required sample size 
based on stand density. OJP Gower plot 4 was extended by 2.5m (27.2 m x 25 m), and OA 
Gower plot 2 by 15m (40 m x 25 m). In total, a single core was extracted from 54 and 46 
individuals at OJP and OA respectively. 
OBS was sampled earlier, in 2015, for a separate study by Pappas et al. (2020). Here, a 
single core was extracted from 90+ black spruce and eastern larch trees located in two 5m-radius 
circular plots in random locations within the site. After excluding the larch cores and those which 
contained missing or heavily fragmented segments, the final chronology was made up of 73 
black spruce trees (ITRDB site code CANA610; https://www.ncdc.noaa.gov/paleo-
search/study/29612). 
All samples were processed in the Mistik Askiwin Dendrochronology (MAD) Lab, after 
being mounted to slotted boards and sanded with progressively finer grits of sandpaper. Each 
ring was measured with 0.001 mm precision on a Velmex stage system, under a Nikon 63X 
stereomicroscope, and using ProjectJ2X software (VoorTech, 2017). The resulting ring-width 
series are crossdated using COFECHA software (Holmes, 1983; Speer, 2010) and reworked to 
minimize the amount of flagged problematic segments (Chapter 2; Table 2.1). The resulting 
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crossdated series were standardized using the detrend function in the dplR (Bunn, 2008). A 
negative exponential curve was fit to each series before species specific master chronologies 
were built. 
3.4.3 Flux-tower measurements 
Eddy-covariance measurements of the CO2 flux density were made at 29 m (OJP), 25 m 
(OBS), and 39 m (OA) above the ground. At OJP and OBS, continuous flux measurements have 
been recorded since 1999 and are ongoing. At OA, flux measurements were continuously 
measured from January 1997 to November 2017 when decommissioning of the site began. 
Details of the eddy-covariance system and data processing at OA and OBS for the entire period 
and at OJP up to 2012 are given in Griffis et al. (2003). In 2012 at OJP, the original closed-path 
infrared gas (CO2/H2O) analyzer (model LI7000, LI-COR Inc., Lincoln, NE, USA, in a 
thermostated housing) was replaced (model LI7200 (LI-COR Inc., Lincoln, NE, USA) and the 
subsequent data were processed using the EddyPro software (LI-COR Inc., Lincoln, NE, USA). 
A short period of overlap of the two systems at OBS showed close agreement. The CO2 flux 
density as measured by eddy-covariance plus storage (Barr et al. 2006) is a direct measurement 
of net ecosystem exchange NEE, the net exchange of CO2 between an ecosystem and the 
atmosphere. NEE is positive for an atmospheric C sink. In situations where the loss of dissolved 
organic C via groundwater flow is negligible (Moore, 2003), a reasonable assumption at these 
sites, NEE provides a direct measure of net ecosystem production NEP (i.e., NEP = - NEE), 
which is positive for an ecosystem C sink. In turn, NEP results as the difference between C gains 
by gross ecosystem photosynthesis (GEP) and C losses by total ecosystem respiration RE, i.e., 
NEP = GEP – RE. 
Gaps in the NEE time series were filled using a standard procedure. NEE values during 
calm periods at night were rejected using a u*-threshold filter, with u*-threshold values of 0.35 m 
s-1 at OA, 0.30 m s-1 at OBS, and 0.25 m s-1 at OJP (Barr et al., 2013). The procedures to fill gaps 
in NEE and to estimate GEP and RE are described in Barr et al. (2004). The resulting high-
resolution NEP, GEP, and RE data were summed over daily, weekly, monthly, and annual scales 
to assess their relationship with radial growth and stem radius change across multiple temporal 
scales. 
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3.4.4 Statistical Analysis 
All data analysis and preliminary visualization were done in R. A moving window 
correlation with 1000 bootstrap replicates was performed using the treeclim package (Zang and 
Biondi, 2015) to assess the relationship between ∆R and ecosystem C-fluxes at daily resolution 
during the short-term observation period (2015 – 2018). Bootstrapped Pearson’s correlations 
were computed over a 30-day moving window offset by 1-day, and were limited to the growing 
season (May – September). Relationships were “flagged” if statistically significant at the 99% 
confidence level. Since this type of analysis is not often undertaken at the daily scale, I tested the 
high resolution records of stem radius variability for normality across each of the 30-day 
intervals using the Shapiro-Wilk test (Appendix C). To further ensure Pearson’s correlations are 
appropriate, I also compared the results from the moving-window Pearson’s correlation analysis 
in Chapter 2 to equivalent analyses using non-parametric tests, namely Kendall’s tau and 
Spearman’s rank correlations (Appendix C). To assess lag in the relationship between ∆R and 
ecosystem C-flux at daily resolution, records of NEP, RE, and GEP were lagged backwards from 
the record of stem radius by 0 to 11 days, before repeating the bootstrapped moving window 
correlation analysis, as described above. 
At weekly, monthly, and annual scales, bootstrapped Pearson’s correlations were 
assessed contemporaneously rather than over a moving window. These were also performed 
using the treeclim package (Zang and Biondi, 2015) at the 99% confidence level. At weekly 
resolution, relationships were assessed over a minimum 12 and maximum 27 weeks centered 
around the spring and summer months during the short-term observation period (2015 – 2018) 
(See Figure 3.3 for more detail regarding the observation period). The assessment of 
relationships on an annual scale were limited only by the carbon flux data, and were assessed 
over the medium term (19, 17, and 21 years for jack pine, black spruce, and trembling aspen, 
respectively). 
3.5 Results 
3.5.1 Annual Scale 
 Among the three study sites and three C fluxes (NEP, RE, and GEP), the only pertinent 
relationship between radial growth and EC flux measurements at annual scale resolution was a 
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positive association between jack pine radial growth (ring width) and annual NEP recorded at 
OJP from 1999 – 2018 (Figure 3.1). Relationships between monthly ecosystem C-flux values 
from the current and previous growing seasons and annual radial growth are depicted in Figure 
3.2. Jack pine growth was significantly and positively related to same-year May NEP. The 
relationship between jack pine radial growth and late-summer to early-winter NEP (August to 
December) from the previous growing season was also generally positive, including statistically 
significant correlations with previous August and October NEP. As for the other study species, 
there was a significant positive relationship between black spruce ring width and current July 
GEP, while trembling aspen growth had a significant negative correlation with current January 
NEP, and a significant positive correlation with current January RE. Previous growing season 
GEP (May – October) was also positively associated with aspen ring width, however this 
relationship was relatively weak (r-values < 0.5), with confidence levels below 99%.  
3.5.2 Weekly Scale 
 There was only one noteworthy relationship between the ∆R of the study species, and 
ecosystem C-flux at weekly temporal resolution during the short-term observation period (2015 – 
2018). This was a significant positive relationship between weekly trembling aspen ∆R and NEP 
(r > 0.75), present during the 2015 growing season (Figure 3.3). However, due to issues with site 
access, trembling aspen data during the 2015 growing season were limited to 12 weeks, from 
late-May to early-August. All other correlations at weekly resolution were assessed over a 
minimum of 18 weeks, most often over 20 to 23 weeks (Figure 3.3) from the beginning of May 
to the end of August. Because of to the limited sample size, caution should be exercised when 
interpreting this lone significant relationship. 
3.5.3 Daily Scale 
 GEP and NEP had a negative relationship with ∆R at daily resolution (Figure 3.4). These 
two measures of ecosystem production are intrinsically linked. Therefore, when the negative 
relationship between ∆R and NEP increased in strength over a given period within the 
observation period, the relationship between ∆R and GEP often exhibited a similar trend (Figure 
3.4). The negative relationship between ecosystem production (GEP and NEP) and ∆R was 
generally strongest and most persistent during intervals with start dates in June and July 2016 
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and 2018, and nearer the beginning and end of the growing season in 2017 (Figure 3.4). In 
general, correlations between ecosystem production and ∆R during the 2015 growing season 
were weak and inconsistent, except there remained a strong relationship between trembling 
aspen ∆R and ecosystem production during intervals with start dates in mid-June to early-July. 
Another exception, or divergence from a common interspecies trend occurred in 2017. While 
there were strong correlations between black spruce, eastern larch, and trembling aspen ∆R and 
ecosystem production in 2017, daily jack pine ∆R showed no significant associaton with 
ecosystem production over the course of this growing season. 
 The relationship between daily RE and ∆R was always positive, with sporadic instances 
of statistical significance (Figure 3.4). Overall, correlations between these two variables were 
quite weak. The strongest associations between daily RE and ∆R were observed in 2016 during 
intervals with start dates in early- to mid-July. During this time, RE had a significant positive 
relationship with the ∆R of black spruce and eastern larch (Figure 3.4).  
3.5.4 Daily Lag 
Negative relationships between daily ∆R and values of ecosystem production (GEP and 
NEP) often persisted when the latter was lagged backwards from ∆R by one-day (lag = -1) 
(Figures 3.5 and 3.6). Days with high rates of ecosystem production therefore often corresponded 
with a decrease in stem radius since the previous day (lag = 0), and/or by the next day (lag = -1). 
When further lag was introduced between these variables, the relationship tended to transition 
from negative to positive (Figures 3.5 and 3.6). Positive correlations between ∆R and lagged 
ecosystem production were strongest at -2 days, but were weak and inconsistent when compared 
to negative correlations at 0 or -1 day. Note that relationships between ∆R and lagged GEP 
(Figure 3.5) were almost indistinguishable from those between ∆R and lagged NEP (Figure 3.6). 
It is for this reason that these variables were once again discussed together as ecosystem 
production.  
The positive relationship observed between daily ∆R and RE (Figure 3.4) often persisted 
or was enhanced slightly when one or two days of lag was introduced between these variables 
(Figure 3.7). There were however, a few instances where negative relationships emerged when 
further lag was introduced. Notably, these occured in 2016 towards the beginning of the growing 
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season for jack pine and trembling aspen, and during intervals with start dates in July 2016 for 
black spruce and eastern larch. There was also a negative relationship between ∆R and RE 
towards the end of the 2017 growing season, which persisted regardless of lag (Figure 3.7). 
3.6 Discussion 
 The only consistent relationship between radial growth and ecosystem C-flux (NEP, 
GEP, and RE) on an annual scale was a significant positive correlation between jack pine and 
annual NEP (r = 0.55, n = 20, 1999 – 2018) (Figure 3.1). Similar relationships between annual 
tree growth and NEP were identified by Rocha et al. (2006) for black spruce, Zweifel et al. 
(2010) for Norway spruce (Picea abies), and Lempereur et al. (2015) for evergreen oak (Quercus 
ilex). The simplest link between these two variables is woody biomass production, which 
contributes both to ring width and NEP. One could therefore hypothesize that a relationship 
between annual radial growth and NEP would be more likely to exist if a significant proportion 
of ecosystem production is allocated to woody biomass annually. Interestingly, according to two 
studies, one by Gower et al. (2001), and another by Litton et al. (2007), jack pine at OJP was 
reported to have a lower proportion of total NPP allocated to woody biomass (15 – 29%), 
compared with black spruce at OBS (16 – 30%), and aspen at OA (23 – 45%). Based on this 
metric alone, one would expect trembling aspen radial growth to have a strong relationship with 
ecosystem production, at least compared with jack pine and black spruce.  
Nonetheless, my findings agree with those from Gea-Izquierdo et al. (2014), which 
identified a considerably stronger relationship between jack pine growth and measures of 
ecosystem production compared with black spruce, as well as aspen in this case. This may be 
attributable to interspecies and interannual differences in the allocation of NSCs to long-term 
storage pools, with slow growing or stress-tolerant trees, such as black spruce, relying more 
heavily on stored NSCs to maintain cellular respiration or to support growth (Rocha et al., 2006; 
Gea-Izquierdo et al., 2014). Deciduous trees, such as trembling aspen, are also known to be more 
conservative with their non-structural carbohydrate reserves, which are generally older and larger 
compared with coniferous trees (Richardson et al., 2013), likely because they are entirely 
dependent on stored NSCs during the leafless period in the spring. Black spruce and trembling 
aspen are therefore more likely to rely on stored NSCs than jack pine. A reliance on stored NSCs 
to support growth has the potential to introduce lag and blur the relationship between ecosystem 
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production and radial growth, helping to explain some of the interspecies differences observed in 
this association. 
Surprisingly, the radial growth of jack pine had a strong positive correlation with values 
of ecosystem production from the previous year. Monthly values of NEP from late in the 
previous growing season (August to December) had a strong positive relationship with the 
annual-radial growth of jack pine (Figure 3.2), suggesting that jack pine may consistently benefit 
from elevated carbohydrate storage during the previous fall (1999 – 2018). There were however 
no significant relationships between monthly ecosystem-C flux values from the previous 
growing season and the annual-radial growth of black spruce or aspen over the medium term 
(Figure 3.2). This could indicate that their reliance on stored NSCs, if one exists, may be 
situational. It is suggested that these two species may rely more heavily on stored NSCs to 
support growth during growing seasons with unfavourable environmental conditions (Richardson 
et al., 2013; Gea-Izquierdo et al., 2014), introducing inconsistency in the lagged relationship 
between ecosystem production and radial growth. Furthermore, the stored NSCs allocated to 
support growth during periods of need may be over a year old (Richardson et al., 2013). Between 
aspen and black spruce however, aspen would appear to have a more consistent relationship with 
ecosystem production from the previous growing season at the BERMS sites. This assessment is 
based on a weak positive correlation observed between previous growing season GEP and aspen 
radial growth.  
The radial growth of jack pine, black spruce, and aspen had contrasting relationships with 
current growing season ecosystem C-flux values over the medium term (Figure 3.2). Firstly, like 
Gea-Izquierdo et al. (2014), the radial growth of jack pine was positively related to 
photosynthetic activity in the spring. However, compared to the findings from this same study, 
which identified an equivalent response of radial growth to both NEP and GEP (Gea-Izquierdo et 
al., 2014), I found that relationships between jack pine radial growth and NEP were much 
stronger than equivalent relationships with GEP. Current May NEP had a strong positive 
association with the annual radial growth of jack pine, whereas correlations between spring GEP 
(March – May) and jack pine radial growth, while still positive, were far weaker (Figure 3.2). In 
contrast, black spruce radial growth had a stronger relationship with measures of ecosystem 
production later in the growing season, exhibiting a significant positive correlation with current 
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July GEP, which was stronger than the equivalent correlation with July NEP (Figure 3.2). Lastly, 
aspen radial growth had a strong negative association with current January NEP, a strong 
positive association with current January RE, and a weak positive association with late growing 
season (August and September) GEP. Each of the species in this study had a rather unique 
relationship with current growing season ecosystem C-flux variables, likely due to interspecies 
differences in phenology, and strategies for photosynthate assimilation, allocation, and storage 
(Gea-Izquierdo et al., 2014). Because the temporal and spatial scale of this study is limited, a 
complete interpretation of the significance of the relationships observed herein would be ill 
advised, at least until we develop a better understanding of the numerous and complex processes 
that govern both radial growth and ecosystem C-flux in a diverse set of forest ecosystems and 
climates.   
At daily resolution during the short-term observation period (2015 – 2018), relationships 
between ∆R and values of ecosystem production (GEP and NEP) were always negative (Figure 
3.4). A similar relationship was observed by Zweifel et al. (2010) and Lempereur et al. (2015), 
who identified a significant negative correlation between the radial increment and NEP at sub-
daily to daily scales. Zweifel et al. (2010) hypothesized that this is expressed due to the nature of 
dendrometer data, which contains information regarding two competing signals that become 
increasingly difficult to disentangle as the rate of radial expansion decreases relative to the 
amplitude of the stem water signal (Deslauriers et al., 2007). During days where there are high 
levels of ecosystem production, it is likely for stem size to shrink due to transpiration and 
dehydration in warm sunny conditions (Zweifel et al., 2010). This is especially likely during 
extended dry periods when there is insufficient moisture to fully replenish stem water content 
overnight (Turcotte et al., 2011) and when radial growth processes may be impacted due to 
moisture limitations (Deslauriers et al., 2016). Conversely, during periods of increased 
precipitation under cloud cover, the inverse is true. Under these conditions, ecosystem 
production is likely to be low while stem water content is likely to increase (Zweifel et al., 2010). 
This mode is most likely to occur beyond the main period of stem expansion, when the growth 
signal is easily overshadowed by the water signal (Deslauriers et al., 2007), and during instances 
of stem water replenishment. My findings, as described in the following section, agree with this 
interpretation.   
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Negative relationships were observed between ∆R and ecosystem production (GEP and 
NEP) during periods with above average precipitation, towards the end of the growing season in 
2015, during intervals with start dates in June and July 2016, and during the beginning of the 
growing season in 2017 (Figures 3.4 and 1.2). Negative relationships between ∆R and ecosystem 
production also occurred during extended periods of dryness, such as towards the beginning and 
end of the growing season in 2016, or near the end of the 2017 growing season (Figures 3.4 and 
1.2). I also observed negative correlations between ∆R and ecosystem production during 
intervals with start dates in June and July 2018, a period that was neither wet nor dry, but during 
which variations in stem radius were particularly sensitive to precipitation (Chapter 2, Section 
2.6.2). In fact, nearly every period during which there was a significant negative correlation 
between measures of ecosystem production and the ∆R of the study species corresponds with a 
period during which ∆R was particularly responsive to precipitation (Chapter 2; Figure 2.4). It is 
therefore extremely likely that the observed relationship between ecosystem production and ∆R 
was spurious, largely driven by co-occurring responses to precipitation and light availability. 
The 2016 growing season appears to be the only growing season during which negative 
relationships between ecosystem production and ∆R didn’t co-occur with a positive relationship 
between ∆R and precipitation. During this growing season, there were significant negative 
correlations between the ∆R of the study species and measures of ecosystem production at lag = 
0, present during intervals with start dates in June and July (Figure 3.4). Unlike other instances 
where negative relationships between ∆R and ecosystem production were present, there is no 
evidence suggesting that the study species were particularly sensitive to precipitation during this 
time (Chapter 2, Figure 2.4). Note that this was a period of excessive moisture, with OJP and 
OBS receiving approximately twice the average amount of precipitation during the month of July 
2016 (Figure 1.2). Beyond the presence of a negative relationship between ecosystem production 
and ∆R during this period, there was also a strong positive relationship between ∆R and RE for 
black spruce and eastern larch at OBS, an association which co-occurs with a remarkably similar 
relationship between ∆R to lagged soil temperature in Chapter 2 (Figure 2.6). This is perhaps 
unsurprising considering that RE is largely controlled by soil temperature (Sellers et al., 1997; 
Gaumont-Guay et al., 2006). Again, variables of ecosystem C-flux are not independent from one 
another, with NEP being the product of the difference between GEP and RE – when RE is high, 
NEP tends to be low. Therefore, while precipitation and its association with light availability 
	 	
	 	 86 
may be of primary importance in influencing spurious correlations observed between ∆R and 
ecosystem production, there are likely other factors, such as air and soil temperature, that 
represent a causal link in these perceived relationships. Based on these observations, the 
importance of secondary explanatory variables may increase during periods where moisture is 
not limiting, when I observed a strengthening relationship between ∆R and these environmental 
variables (Chapter 2). 
Other perceived relationships that were either emergent or enhanced when lag is 
introduced between ∆R and measures of ecosystem C-flux during the short-term observation 
period (2015 – 2018) were inconsistent between species and over time. While the presence of 
these associations may represent brief periods during which assimilated carbon from several days 
prior is being allocated to the process of radial cell expansion, it is equally likely they are simply 
the result of offset responses of photosynthetic activity and stem size to the same environmental 
variables. Further research would be required to determine whether photosynthates stored short 
term are being used to support radial growth processes at these sites, and if so, under which set of 
circumstances. 
3.7 Conclusion 
At annual scale resolution, tree-ring data may provide much needed information 
regarding ecosystem production, however, consistent with Gea-Izquierdo et al. (2014), only the 
radial growth of jack pine was identified as having a significant relationship with annual NEP at 
the study sites over the medium term (1999 – 2018). Compared with black spruce and trembling 
aspen, which are more likely to rely situationally on stored carbohydrates (Rocha et al., 2006; 
Richardson et al., 2013; Gea-Izquierdo et al., 2014), radial growth in jack pine was more closely 
related to ecosystem C-fluxes, benefiting from elevated levels of ecosystem production during 
the spring and previous fall. 
Conversely, high-resolution stem size data are likely not a good proxy for ecosystem 
production, or vice versa, due to complexities in this relationship such as lag (Richardson et al., 
2013), changing carbohydrate allocation strategies (Lempereur et al., 2015; Deslauriers et al., 
2016), and spurious correlation. It is suggested that negative relationships between ∆R and NEP 
at fine temporal resolutions may occur due to the nature of dendrometer data, which contain 
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information regarding stem water dynamics, as well as radial growth (Deslauriers et al., 2007; 
Zeifel et al., 2010). In this paper, tree water relations likely played a significant role in driving 
the negative relationship observed between stem radius and previous day measures of ecosystem 
production (NEP and GEP) at daily resolution, especially during periods when the ∆R of the 
study species was highly responsive to precipitation (Chapter 2). This most often occurred 
beyond the main period of growth, and during periods where moisture was limiting. The 
relationships between ∆R and NEP and GEP at daily resolution were likely spurious, influenced 
by a combination of factors, including, but not limited to, the confounding effects of 
precipitation and soil temperature. 
Overall, the findings from this study are in good agreement with the current litterature. 
This is significant considering this is the first study to look at these relationships at this level of 
detail in the North American boreal forest. The fact that I was not able to identify any true 
relationships between active growth and ecosystem production over fine temporal scales does not 
signify that these associations do not exist, it simply highlights a widespread issue when working 
with slow growing and stress tolerant trees. The main issue is that dendrometer arrays remain the 
most convenient system for collecting high-resolution data of stem size, and until we develop 
alternative means of collecting high-resolution radial-growth data, more work is needed to 
develop a standardized method that more effectively disentangles the growth from the water 
signal in dendrometer data. This method may require the use of complementary instrumentation, 
to collect information regarding stem water dynamics with the use of sap flux sensors for 
example. In the meantime, this work may serve to highlight specific sets of conditions under 
which dendrometer data may be particularly influenced by the stem water signal, e.g. under 
moisture limited conditions.  
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3.9 Figures 
 
Figure 3.1: Bootstrapped correlation analysis between annual ring widths of jack pine at OJP, 
black spruce at OBS, and trembling aspen at OA, and annual summed NEP, Re, and GEP (x-
axis). The height of each column represents the Pearson’s correlation r-value from -1 to 1. 
Bootstrapped confidence intervals (99%) are depicted by each error bar and statistical 
significance is highlighted in blue. The site names are labeled on the right of each graph, which 
are arranged in a column-wise matrix. 
2000−2018 (n = 19)
1999−2015 (n = 17)


































Figure 3.2: Bootstrapped correlation analysis between annual ring widths of jack pine at OJP, black spruce at OBS, and trembling 
aspen at OA, and monthly summed NEP, Re, and GEP. Relationships were assessed from previous May to current September (-5 to 9) 
for OJP and OA, and from previous July to current September (-7 to 9) at OBS (x-axis), due to a more restricted sample size at this 
site. The height of each column represents the Pearson’s correlation r-value from -1 to 1. Bootstrapped confidence intervals (99%) are 
depicted by each error bar and statistical significance is highlighted in blue. Graphs are arranged in a two-dimensional matrix with 
ecosystem C-flux variables listed above each column, and site names labeled to the right of each row. 
2001−2018 (n = 18)
2000−2015 (n = 16)
1999−2016 (n = 18)
2001−2018 (n = 18)
2000−2015 (n = 16)
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Figure 3.3: Bootstrapped correlation analysis between weekly ∆R and summed weekly NEP, Re, and GEP (x-axis). Relationships 
were assessed within each growing season over the course of the short-term observation period (2015 – 2018). The height of each 
column represents the Pearson’s correlation r-value from -1 to 1. Bootstrapped confidence intervals (99%) are depicted by each error 
bar, and statistical significance is highlighted in blue. Graphs are arranged in a two-dimensional matrix with growing season year 
listed above each column, and site/species names labeled to the right of each row. 
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Figure 3.4: Moving window correlation functions of the relationship between daily resolved variations in stem radius and ecosystem 
C-flux (NEP, RE, and GEP) within each of the four growing seasons during the observation period (2015 – 2018). Relationships were 
assessed over a 30-day moving window, jogged by 1-day, using bootstrapped Pearson’s correlations (1000 iterations). The labels on 
the x-axis correspond with the start date of each 30-day interval. For example, intervals with start dates in May are found between the 
May and June x-axis labels. Significance at the 99% confidence level is flagged with *. 
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Figure 3.5: Moving window correlation functions assessing lag in the relationship between daily variations in stem radius and GEP, 
which is lagged from the stem radius data by 0 to 11-days (y-axis). As above, relationships were assessed over a 30-day moving 
window, jogged by 1-day, using bootstrapped Pearson’s correlations. The labels on the x-axis correspond with the start date of each 







Figure 3.6: Moving window correlation functions assessing lag in the relationship between daily variations in stem radius and NEP, 
which is lagged from the stem radius data by 0 to 11-days (y-axis). As above, relationships were assessed over a 30-day moving 
window, jogged by 1-day, using bootstrapped Pearson’s correlations. The labels on the x-axis correspond with the start date of each 







Figure 3.7: Moving window correlation functions assessing lag in the relationship between daily variations in stem radius and RE, 
which is lagged from the stem radius data by 0 to 11-days (y-axis). As above, relationships were assessed over a 30-day moving 
window, jogged by 1-day, using bootstrapped Pearson’s correlations. The labels on the x-axis correspond with the start date of each 
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CHAPTER 4 
INSIGHTS FROM OVER TWENTY YEARS OF CARBON DYNAMICS IN BOREAL 
ASPEN AND JACK PINE STANDS 
4.1 Abstract 
This paper assesses the ecological mechanisms underlying trends in ecosystem 
production in the southern boreal forest. Eddy-covariance measurements of NEP and repeated 
biometric carbon (C) stock measurements were made over a 22-year period (1994 – 2016) at two 
mature (~100 year old) boreal forest stands in central Saskatchewan; Old Jack Pine (OJP), and 
Old Aspen (OA), two of the of the Boreal Ecosystem Research and Monitoring Sites (BERMS). 
There were several notable shifts in the distribution of carbon across the measured carbon pools 
at OJP and OA. The most notable fluxes at OJP occurred in response to an increase in tree 
mortality between 2010 and 2016, likely resulting from a vulnerability to high winds. The 
increase in tree mortality was accompanied by a decrease in tree level net primary production 
(NPPTree), from 90 ± 4 gC/m2yr (1994 – 2004), and 89 ± 5 gC/m2yr (2004 – 2008), to 66 ± 7 
gC/m2yr (2010 – 2016). However, during this same period net ecosystem production (NEPEC) at 
OJP was maintained at a level near that of the 22-year average, 39 ± 11 gC/m2yr (1994 – 2004), 
38 ± 11 gC/m2yr (2004 – 2008), and 42 ± 9 gC/m2yr (2008 – 2016). At OA, the most significant 
recorded fluxes occurred during a wet subperiod (2004 – 2010), likely in response to moisture 
stress due to drought and/or subsequent flooding. Regardless of the increase in tree mortality and 
turbulent stock changes that occurred at OA during the wet subperiod, NPPTree was maintained at 
levels near 200 gC/m2yr over the course of the observation period, 218 ± 12 gC/m2yr (1994 – 
2004), 199 ± 24 gC/m2yr (2004 – 2010), and 228 ± 26 gC/m2yr (2010 – 2016). There was 
however a notable decrease in NEPEC during this same period at OA, 173 ± 27 gC/m2yr (1994 – 
2004), 89 ± 31 gC/m2yr (2004 – 2010), and 145 ± 31 gC/m2yr (2010 – 2016). Climate change 
will undoubtedly impact carbon dynamics in the boreal forest. We find evidence that aspen 
stands may react poorly to moisture stress, resulting in a redistribution of carbon and a notable 
decrease in annual NEP. We also find that wind may represent an important agent of change in 
mature jack pine stands. An increase in the incidence and intensity of extreme storms and high 
winds will likely lead to more frequent disturbance in a range of boreal forest stands.  
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4.2 Introduction 
The boreal forest is a vital component of the global carbon cycle, as it represents the 
single largest reservoir of global terrestrial carbon (Sellers et al., 1995; Soja et al., 2007; 
Bradshaw and Warkentin 2015). Capable of storing just under twice as much carbon as tropical 
forests (Carlson et al., 2009), the circumpolar boreal forest currently contains an estimated 
1041.5 ± 674.2 Pg of stored carbon (C) (Bradshaw and Warkentin 2015). While there is a high 
level of uncertainty associated with this value, even the most conservative of estimates (~300 Pg 
C) equates to approximately half of the carbon currently present in our atmosphere (Gower et al., 
2001). Over the short term, the boreal forest has long been regarded as an overall sink for carbon, 
although there is evidence suggesting that the strength of that sink is decreasing significantly in 
response to rapid climate change, with some regions approaching carbon neutrality, and others 
expected to become an overall source of carbon in the foreseeable future (Kurz et al., 2008; Peng 
et al., 2011; Bradshaw and Warkentin 2015). In a recent spatial analysis of carbon flux across the 
circumpolar boreal zone, Canada yielded the lowest mean annual carbon flux overall, with a 
value just above zero. Temporally, there was an observed declining trend in annual carbon 
uptake since 1980 and projected persistent negative annual fluxes in Canada by 2050. It is also 
likely that some regions (e.g. western Canada) are already emitting more carbon than they are 
storing in response to changes in climate and the disturbance regime (Bradshaw and Warkentin 
2015). 
The boreal forest is particularly vulnerable to climate change, in part because of its 
location. The impacts of climate change are expected to be particularly severe at northern high 
latitudes. The most significant land surface warming is expected above 45° – 50° north latitude, 
where mean annual land surface temperature is likely to increase by upwards of 2°C by the last 
two decades of the century (2081-2100) (IPCC, 2013), regardless of steps taken to curtail this 
outcome (Huntingford and Mercado, 2016). In fact, much of northern Canada has already 
experienced an increase in annual average temperature surpassing 2°C since 1948 (Bush and 
Lemmen, 2019).  
Modeling change in the distribution of moisture in response to climate change is quite 
difficult compared with projecting departures in global land surface temperature (Cook et al., 
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2014). The most reliable models project an overall increase in precipitation in already moist 
environments (mid- to high-latitudes in North America), and a further decline in precipitation in 
dry environments (the subtropics) (Cook et al., 2014). However, an increase in precipitation does 
not necessarily equate to an increase in available moisture on the ground. Atmospheric warming 
raises the vapor pressure deficit by increasing the amount of moisture the air can hold, leading to 
an overall increase in evaporative demand (Cook et al., 2014). Both precipitation and potential 
evapotranspiration (PET) are expected to increase across much of North America (Cook et al., 
2014; Jeong et al., 2014). One of the most marked increases in PET globally, is expected in the 
Central Plains of North America (105° – 90°W, 32° – 50°N) (Cook et al., 2014). In many 
instances, projected increases in precipitation will be insufficient to offset the increase in 
evapotranspiration (Wang et al., 2014). In Canada, over the last six decades (since 1951), there 
was a marked drying trend across much of central and western Canada, while northeastern 
Canada appeared to be trending towards wetter conditions (Wang et al., 2014). These historical 
trends are expected to carry forward over the next several decades (Wang et al., 2014). Overall, 
the frequency and severity of drought is expected to further increase in the boreal forests of 
western and central Canada (PARC Summary 2008; Jeong et al., 2014; Wang et al., 2014; Bush 
and Lemmen, 2019).  
In response to an increase in temperature and moisture stress, tree mortality in western 
Canada has occured at 2.6 times the rate observed in eastern Canada (Peng et al., 2011). 
However, it has been shown that individual stands can have contrasting or even conflicting 
responses to climatic change (Goulden et al., 1998; Black et al., 2000). Trembling aspen, for 
example, is identified as being particularly sensitive to moisture stress (Kljun, 2007; Chen et al., 
2017). There was an observed collapse in aspen growth over a large area of the aspen parkland 
region over several years following drought conditions in 2001 – 2002. During this time, several 
large patches of trembling aspen underwent widespread tree mortality, sometimes resembling the 
devastating effects of fire (Michaelian et al., 2011). Overall, forest response to drought depends 
on the distribution of moisture across the landscape, topography, soil characteristics, and stand 
composition (Kljun et al., 2007). Stand age may also play a role in determining how a forest 
responds to changing conditions. Increasing temperatures had an overall negative effect of on 
growth rates and mortality in all forest stands regardless of stand age and type; however, older 
forests were most susceptible to drying induced reductions in tree growth (Chen et al., 2016). 
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Large trees have greater maintenance costs and may therefore be disproportionally impacted by 
temperature and moisture stress (Chen et al., 2016). Understanding the impact of climate, 
disturbance, and stand ageing, in contrasting boreal forest stands, brings us closer to accurately 
anticipating the net effect of climate change on forest carbon dynamics in the Canadian boreal 
forest (Goulden et al., 1997; Chen and Luo 2015). 
Eddy covariance (EC) represents the most common technique for measuring forest 
carbon (C) flux at the stand or ecosystem level (Baldocchi et al., 2003). Confidence in the EC 
method has increased over time as practitioners continue to produce reliable values for 
ecosystem production that hold up against independent values collected via other means 
(Baldocchi et al., 2003), and as techniques and equipment are refined (Aubinet et al., 2012). Bias 
in these data is further minimized when the method is deployed over several years, in which case 
there is a trend towards further convergence between EC derived values of production and those 
collected independently (Baldocchi et al., 2003). While the EC flux towers may very well 
provide the most reliable and accurate representation of ecosystem level C flux, the EC method 
cannot offer a breakdown of the component fluxes, beyond its main constituents of gross primary 
production (GPP), and total ecosystem respiration (RE). To offer a further breakdown of the 
component fluxes, EC derived data are often supplemented with repeated biometric measures of 
in-situ carbon, stored in individual ecosystem components (Gower et al., 2001). This improves 
our capacity to interpret trends in ecosystem production and carbon allocation, which is needed if 
we are to formulate a mechanistic understanding of how a given ecosystem will respond to 
changing biotic and abiotic factors over the long term. 
The goal of this paper is to better understand the ecological mechanisms responsible for 
ecosystem level change in forest carbon dynamics within two representative boreal forest stands 
in the southern boreal forests of western Canada. We will leverage a two-decade long record of 
forest C stocks and fluxes to examine the impacts of climate, natural disturbance, and stand 
ageing on the distribution of carbon within our study sites.   
4.3 Study Sites 
This study was conducted at three of the Boreal Ecosystem Research and Monitoring 
Sites (BERMS), located near the southern edge of the boreal forest in the Boreal Plains Ecozone 
	
	
	 	 103 
of central Saskatchewan (Figure 1.1). Site characteristics are given in Table 1.1. The climate of 
the study area is characterized by short, warm, dry summers and long, cold winters. Mean annual 
temperature In Prince Albert (PA), Saskatchewan, where the nearest and most complete long 
term record of climate is recorded, is currently 1.7°C (1989 – 2018). This represents a 1.9°C 
increase in annual average temperature over the last century, when compared to the 1890 – 1919 
reference period (-0.2°C). Annual average precipitation in PA is 517 mm (1983 – 2012), a 60 
mm increase since the 1890 – 1919 reference period (457 mm) (Figures D.1 and D.2; Appendix 
D). 
The Old Jack Pine (OJP) site, located northeast of Candle Lake, Saskatchewan, is an 
even-aged stand of jack pine, naturally established post-fire in 1914 (Barr et al., 2012). The 
understory is composed of clumps of green alder (Alnus crispa), and the dominant ground cover 
includes some bearberry (Arctostaphylos uva-ursi), and a nearly continuous cover of reindeer 
lichen (Cladina mitis). The soil is a well-drained Orthic Eutric Brunisol (loamy sand). Water 
table depth is approximately ~6-7 m below the ground surface, and often decoupled from the 
root zone. 
The BERMS Old Aspen (OA) site in Prince Albert National Park, is an even-aged stand 
of trembling aspen, naturally established after a forest fire in 1919 (Barr et al., 2012). The 
understory is mainly hazelnut (Corylus cornuta) with a few other shrubs. The topography is 
relatively level, with uniform fetch of at least 3 km in each direction from the tower. The soil is 
an Orthic Gray Luvisol (loam to clay loam). Water table may be as deep as 4 m below the soil 
surface at this site, at times impinging on the root zone. 
4.4 Methods  
4.4.1 Biometric C Stock Measurements 
Repeated C stock measurements were made in 1994, 2004, 2010, and 2016 at OA, and 
1994, 2004, 2008/2009, and 2016 at OJP. In 1994, Gower et al. (1997) established replicate 25 x 
25 m allometry plots, four at OA and eight at OJP, immediately outside the footprint of the flux 
towers, in forest similar to that in the flux footprint. At the same time, Fournier et al. (1997) 
established a single 50 x 60 m plot at each site, also immediately outside the flux footprint but in 
a different part of the stand. 
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Each overstory tree within the plots was measured and permanently tagged in 1994. The 
Fournier plots at both sites along with three of four Gower plots at OA and four of eight Gower 
plots at OJP were re-measured in July 2004, July 2008 (OJP), and July 2010 (OA), and 
September 2016. The Fournier plot was subdivided into 25 x 30 m quadrants to create four plots 
of similar sizes to the Gower plots, producing a total of seven plots at OA and eight plots at OJP. 
Tree measurements included species, DBH, and status (live, standing dead, or broken for each 
tree that was standing, as well as fallen for snags that could be found). Tree mortality at both 
sites was determined by comparing the status of each tree among remeasurements. Trees or 
snags that could not be found were assumed to have fallen.  
The living biomass (B), and standing dead (SD) necromass (including whole dead and 
broken trees) of the dominant tree species was determined from allometric equations based on 
stem diameter at breast height (DBH, 1.37 m). Allometric equations provided biomass estimates 
for coarse root, stem, branch, and foliage for live trees. In the case of broken stems, the height at 
which the tree broke was recorded, and taper was accounted for while estimating biomass in the 
remaining stem. We adopted the standard, Canada-wide DBH-based equations developed by 
Lambert et al. (2005) and Ung et al. (2008), which spanned the observed DBH ranges. Wood and 
foliage biomass were multiplied by 0.50 to estimate C content (Ajtay, 1977; Matthews, 1993).  
Understory and fine root biomass were measured in 1994 and 2004, but were not re-
measured in 2008/2010 or 2016. Total understory biomass was determined from the dry biomass 
of all components in three 1 x 1 m subplots randomly located in each of the replicate Gower 
plots. At the OA site, all vegetation in the plot was clipped and separated into annual herbs, 
woody tissue and new foliage. At OJP, where the understory consists of a few clumps of green 
alder and a nearly continuous ground cover of reindeer lichen, it was not feasible to separate the 
lichen from the forest floor, so lichen was pooled together with the forest floor following the 
protocol developed by Howard et al. (2004).   
Coarse-root biomass was determined from DBH-based allometric equations developed by 
Ruark and Bockheim (1987) at OA and Steele et al. (1997, unpublished data) at OJP. Coarse root 
C content was assumed to be 50% (Kalyn & Van Rees, 2006). Fine root biomass in 1994 was 
measured by Steele at al. (1997), and again in 2004 by Kalyn & Van Rees (2006). The latter 
estimated fine root (< 2 mm) biomass from minirhizotron data using a plane intersect method 
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developed by Bernier and Robitaille (2004). Organic C content of fine roots at OA and OJP was 
46% and 39 %, respectively (Kalyn and Van Rees, 2006).  
4.4.2 Downed Woody Debris 
Downed woody debris (DWD), defined as downed non-self-supporting woody material 
in various stages of decomposition, located above the soil and including sound and rotting logs 
and uprooted stumps, was measured using the line-intersect method (Halliwell and Apps, 1997). 









p       (Eq. 3.1) 
where L is the length of the sample line and Ai is the cross-sectional area of the ith piece at the 
intersection. Debris items were assigned to five diameter classes (<0.5, 0.5-<1.0, 1.0-<3.0, 3.0-
<5.0 and ≥5.0 cm) using a go-no-go-gauge with notches at 0.5, 1, 3 and 5 cm. For items ≥5.0 cm, 
diameter was measured using either a diameter caliper or a standard diameter tape. Items were 
identified by species, if possible, and visually assessed for the degree of decomposition (sound, 
sloughing, punky or rotten). To calculate the detritus mass in diameter classes <5.0 cm using 
Equation 3.1, a mean diameter and specific gravity was assigned to each class (Halliwell and 
Apps, 1997). For items ≥5.0 cm, values of specific gravity were estimated as a function of the 
decomposition state. Halliwell and Apps (1997) assumed that rotten items have a specific gravity 
of 0.1 less than sound items, while sloughing and punky items were assigned specific gravities 
interpolated at equal intervals between sound and rotten values. DWD was assumed to be 50% 
C.  
In 1994, DWD was measured in two plots at both sites by Halliwell and Apps (1997). 
Unfortunately, the plots were not marked and could not be found, so the DWD measurement was 
relocated to the Gower and Fournier allometric tree plots in 2004 and 2008/2010. The 
inconsistency in plot location adds uncertainty to the measured DWD change between 1994 and 
2004. DWD measurements taken in the Fournier plots were weighted accordingly (2x) due to the 
difference in size between these and the Gower plots. 
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4.4.3 Forest Floor and Mineral Soil 
Forest floor (FF) and mineral soil C stocks were measured in the Gower plots in 1994 and 
2004, but the plots were not re-measured in 2008/2010 or 2016. The 1994 measurements (Gower 
et al. 1997) were based on soil samples from the replicate plots but only average values for each 
site were available to this study. In 2004, the soil C stocks were re-measured in the three plots at 
OA and four plots at OJP. To estimate uncertainty of the C stock change, we assumed that the 
variability among soil plots in 1994 was the same as measured in 2004. Three random locations 
within each plot were sampled. Total soil C content was calculated for each horizon from 
horizon depth, bulk density, and percent carbon data. At each of the three locations, four soil 
samples were collected from each horizon, averaged within horizon, then summed to a depth of 
70 cm below the ground surface. Percent total and organic C data were obtained through dry 
combustion of each sample (LECO Carbon Determinator CR-12 analyzer). Total soil C content 
was calculated by taking the C content of the soil profiles and averaging among the three 
replicate plots. 
The sampling of the FF C stocks required site-specific modifications to the sampling 
protocol at both sites. At OJP, it was not feasible to separate the lichen, bryophytes, and fine 
woody debris from the LFH horizon, therefore these components were pooled as FF. Each 
sample was air dried with all live vegetation and live coarse roots removed, and ground to pass 
through a 0.2 mm sieve. A sub-sample was oven-dried at 110 ºC to a constant mass and weighed 
to the nearest 0.1 g. The total FF C stock estimate was later divided back into its various 
components by assuming lichen, bryophytes and fine woody debris accounted for 41% of the FF 
C content as reported by Vogel et al. (1998) for OJP in 1994. At OA, the clearest visual division 
between the forest floor and mineral soil occurred at the interface between the Ah and Ae 
horizons, therefore the FF C stock measurement included both Ah and LFH horizons. 
4.4.4 Total Ecosystem C-Stocks and Rates of Change 
Ecosystem component C-stocks were calculated for each plot and averaged across plots for 
each measurement period. Each value is recorded with a value of uncertainty (±), which is the 
standard error of the mean among replicate plots.  
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C stock rates of change were computed over four periods: 1994 – 2004, 2004 – 2008/2010, 
2008/2010 – 2016, and 1994 – 2016. We limited this analysis to three primary C stock 
components; tree biomass (ΔB), SD necromass (ΔSD), and DWD (ΔDWD) - based on these 
components’ contributions to total ecosystem carbon and our confidence in the quality of these 
measurements. Of the three components used to estimate the change in total ecosystem carbon 
(ΔC), the tree biomass and SD necromass were measured most consistently, producing the 
highest subjective confidence in rate of change estimates for these components. The estimates of 
ΔDWD were more uncertain, due to inconsistencies in DWD transect location between the first 
and subsequent measurements. We will thus exercise caution in interpreting changes in DWD 
stocks. Rates of change in C stocks between measurement periods were also calculated 
individually for each plot and then averaged across the site. Each value is therefore, once again, 
recorded along with a value of uncertainty (±), representative of the standard error of the mean 
among replicate plots. In the case of DWD, because transect placement was inconsistent, rates of 
change were calculated from stand level averages. During periods where there was insufficient 
overlap between sampling locations, uncertainty (±) in ΔDWD is estimated based on the average.  
4.4.5 C Fluxes 
In addition to estimating C stocks and their rates of change, the allometric tree plots 
allowed for estimation of the living trees contribution to net primary production (NPPTree), and 
inter-stock C fluxes from living trees to SD, living trees to DWD and from SD to DWD 
necromass. For trees that died during the measurement period, their respective contribution to 
NPPTree and C flux to SD and ground pools was assessed in one of three ways. Firstly, if an 
updated DBH was recorded at the end of the measurement period for a given tree, and it was 
unchanged or smaller than the original DBH, we assumed that this tree died at the beginning of 
the measurement period. Secondly, if an updated DBH was recorded at the end of the 
measurement period for a given tree, and it was larger than the original DBH, this updated DBH 
measurement was used to assess its resulting contribution to each pool. Finally, if no updated 
DBH was available, we assumed that the tree died halfway through the period and grew at the 
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4.4.6 Flux-Tower Measurements 
Eddy-covariance measurements of the CO2 flux density were made at 39 m (OA) and 29 
m (OJP) above the ground from twin scaffold towers. At OA, fluxes were measured from 
February to September 1994 and continuously since March 1996. At OJP, fluxes were measured 
from May to Sept 1994 and continuously since September 1999. Details of the eddy-covariance 
systems and data processing used at OA throughout and at OJP until 2012 are given in Griffis et 
al. (2003). In October 2012, the LI-7000 closed-path infrared gas analyzer at OJP was replaced 
with model LI-7200 and the 30-min fluxes were computed using the EddyPro software (LI-COR 
Inc, Lincoln, NE, USA). 
The CO2 flux density as measured by eddy-covariance plus storage (Barr et al. 2006) is a 
direct measurement of net ecosystem exchange NEE, the net exchange of CO2 between an 
ecosystem and the atmosphere. NEE is positive for an atmospheric C sink. In situations where 
the loss of dissolved organic C via groundwater flow is negligible (Moore, 2003), a reasonable 
assumption at these sites, NEE provides a direct measure of net ecosystem production NEP (i.e., 
NEP = - NEE), which is positive for an ecosystem C sink. In turn, NEP results as the difference 
between C gains by gross ecosystem photosynthesis (GEP) and C losses by total ecosystem 
respiration RE, i.e., NEP = GEP – RE.  
Gaps in the NEE time series were filled using a standard procedure. NEE values during 
calm periods at night were rejected using a u*-threshold filter, with u*-threshold values of 0.37 m 
s-1 at OA and 0.25 m s-1 at OJP (Barr et al. 2013). The procedures to fill short (less than one 
month) gaps in NEE and to estimate GEP and RE are described in Barr et al. (2004). Both sites 
had one long gap in NEE, from October 1994 to March 1996 at OA and Oct 1994 to July 1999 at 
OJP. The long gaps were filled using the ecosys model as configured for the jack pine site in 
Grant et al. (2007). The model was run for 1994 to 2004, then the simulated and measured fluxes 
were compared using least-squares linear regression based on the time of year, and gaps were 
filled with adjustments for model-measurement differences. 
4.4.7 Calculation of Annual NEP 
To provide the most representative and comparable measure of annual NEP, the 12-
month period over which this metric is calculated is tailored to the GEP curve, which becomes 
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positive in April at both sites, signaling the onset of photosynthesis. Annual NEP is therefore 
summed from monthly data between April – March, representing one growing season and a 
subsequent period of dormancy. Average annual NEP was calculated for each measurement 
period and is presented along with a standard error (±), in this case representing interannual 
variability during the measurement period. In all other cases, uncertainty is based on the standard 
error of the mean among replicate plots. 
4.5 Results  
4.5.1 Precipitation and Soil Water 
The 1994-2016 study period had normal, dry, and wet subperiods (Figure 4.1). Compared 
with mean annual precipitation and standard deviation (1980 – 2016) from two nearby climate 
stations (468 ± 81 and 442 ± 88 mm y-1 at Waskesiu Lake (53.92, -106.08) and Prince Albert A 
(53.22, -105.67) respectively, precipitation at the two sites was: near-normal, within one standard 
deviation between 1994 – 2000 (471 mm y-1 at OA and 436 mm y-1 at OJP); below-normal, well 
below one standard deviation, between 2001 – 2003 (257 mm y-1 at OA and 324 mm y-1 at OJP); 
above-normal, above one standard deviation between 2004 – 2010 (570 mm y-1 at OA and 568 
mm y-1 at OJP); and again normal, within one standard deviation between 2011 – 2016 (504 mm 
y-1 at OA and 548 mm y-1 at OJP). There are therefore, normal and dry subperiods during the 
first measurement interval (‘94-04), a wet subperiod which corresponds to the second 
measurement interval (‘04-10), and another normal subperiod corresponding with the final 
measurement interval (’10-16).  
The dry and wet subperiods were associated with changes in the soil-water status at both 
sites, however, the sites differed in two respects. First, their root-zone VWC varied on different 
scales (Figure 4.2). The OJP site, with its sandy soil and low water-holding capacity, had high 
and low VWC extremes in almost every year, whereas the OA site, with its higher water-holding 
capacity and shallower water table, had longer-term fluctuations in VWC including a prolonged 
period of extreme low VWC from 2001 – 2003 and a sustained high VWC extreme from 2005 – 
2007. Second, the long-term fluctuations in water table depth affected the two sites differently. 
The water table at both sites fell during the dry subperiod (2001 – 2003) and rose during the wet 
subperiod (2004 – 2010). However, the deeper water table at OJP, ~6-7 m below the ground 
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surface, was decoupled from the root zone, whereas the shallower water table at OA at times 
impinged on the root zone, with root-zone soil water depletion coincident with the falling water 
table in 2001 – 2003, and high VWC and extended periods of flooding in the low-lying areas of 
the stand associated with the high water-table following 2004. These differences are ecologically 
significant: the OA stand underwent prolonged periods of water stress (drought then flooding), 
whereas the OJP stand experienced intermittent periods of drought stress each summer but never 
flooded. We will see in sections below that this difference had a profound effect on tree mortality 
and the component C stock changes.  
4.5.2 Stand Density and Mortality 
There was an increased rate of tree mortality that occurred at both study sites during 
different subperiods. Living stand density at OA was 964 ± 41 stems/ha in 1994, and decreased 
to 473 ± 47 by 2016 (Figure 4.3). The rate of tree mortality was 2.4% and 2.3% of living stems 
per year between 1994 – 2004 and 2010 – 2016 respectively. The rate was almost doubled to 
4.3% between 2004 – 2010, during the wet subperiod that followed the 2001 – 2003 drought. 
Stand density at the OJP site was greater than at OA, starting at 1315 ± 118 living stems/ha in 
1994, and decreasing to 887 ± 99 stems/ha by 2016 (Figure 4.3). The average annual rate of tree 
mortality at OJP was lesser than at OA, ranging from 1.3% – 2.1% per year between 
measurement periods. While the mortality rate remained relatively constant during the first 14 
years of observation, decreasing only slightly (from 1.5%/yr to 1.3%/yr) between the 1994 – 
2004 and 2004 – 2008 periods, it increased to 2.1%/yr during the 2008 – 2016 period. 
4.5.3 C Stocks  
At OA, living tree biomass C stocks were about twice as large per unit area compared 
with OJP, and they were remarkably constant over time, ranging from 94 ± 10 tC/ha to 100 ± 6 
tC/ha (Table 4.1). The largest percent-change between two consecutive stock measurements is -
6.5% (approximately -1.1% per year), occurring during the wet subperiod (2004 – 2010), 
resulting in a reported loss of 108 ± 73 gC/m2 per year from living biomass C stocks (Table 4.2). 
Overall, additions of carbon to the living biomass from tree growth were largely counterbalanced 
by the flux of carbon exiting the pool via tree mortality, as demonstrated by the net-zero (5 ± 35 
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gC/m2yr) average annual rate of change over the entire 22-year observation period (1994 – 2016) 
(Table 4.2).  
Over the first ten years of observation (1994 – 2004) at OJP, in-situ C stocks held in the 
biomass of live trees increased at an average rate of 1.26% per year (12.6% total), from 41.9 ± 
2.2 tC/ha to 47.2 ± 2.3 tC/ha (Table 4.1). The subsequent four-year period (2004 – 2008) saw a 
similar rate of increase of 1.1% per year (4.4% total), from 47.2 ± 2.3 tC/ha to 49.3 ± 2.5 tC/ha. 
This relatively stable increase resulted in additions of approximately 50 gC/m2 per year to the 
biomass of living trees between 1994 – 2008, followed by a period of stasis. In the subsequent 
eight-year period (2008 – 2016), the rate of biomass gain by tree growth was in relative 
equilibrium with biomass loss by tree mortality, resulting in an average annual rate of biomass 
change near zero (-5 ± 10 gC/m2 per year) (Table 4.2).  
In terms of necromass, SD C stocks were also consistently greater at OA compared with 
OJP. The largest differences between the two sites were observed in 2004 and 2010, when OA 
SD C stocks were largest. Over the 22-year observation period, SD C stocks at OA increased 
from 9.3 ± 1.5 tC/ha in 1994, to 12.3 ± 1.6 tC/ha and 13.4 ± 3.0 tC/ha in 2004 and 2010 
respectively, before dropping to 9.3 ± 2.5 tC/ha in 2016 (Table 4.1). SD C Stocks were far more 
consistent at OJP, with values of 6.2 ± 0.8 tC/ha and 6.2 ± 0.9 tC/ha in 1994 and 2004 
respectively, followed by a slight decrease to 4.7 ± 0.7 tC/ha in 2008, before attaining its highest 
value of 6.9 ± 1.1 tC/ha by 2016 (Table 4.1). While both sites saw some fluctuation in SD C 
stocks, with higher than usual values in 2004 and 2010 at OA, and lower than usual values in 
2008 at OJP, both sites returned to a relative equilibrium by 2016. This resulted in average 
annual rates of change of 0 ± 13 gC/m2yr and 3 ± 5 gC/m2yr over the 22-year observation period, 
at OA and OJP respectively (Table 4.2). Additions of carbon to SD necromass from tree 
mortality are therefore largely counterbalanced by losses to ground. 
4.5.4 Net Ecosystem and Primary Production  
NPPTree at OA was more than twice as high as at OJP, and regardless of the increase in 
tree mortality and stock changes, NPPTree remained remarkably constant throughout the 22-year 
period. NPPTree was 218 ± 12 gC/m2yr, 199 ± 24 gC/m2yr, and 228 ± 26 gC/m2yr between 1994 – 
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2004, 2004 – 2010, and 2010 – 2016 respectively (Figure 4.4). At OJP, NPPTree was constant 
during the first two measurement periods, with values of 90 ± 4 gC/m2yr, and 89 ± 5 gC/m2yr 
between 1994 – 2004, and 2004 – 2008 respectively, then dropped to 66 ± 7 gC/m2 per year in 
the subsequent period (2008 – 2016) (Figure 4.5).  
Compared with NPPTree, NEPEC demonstrated more variability between measurement 
periods at OA, with more marked depressed productivity between 2004 – 2010, co-occurring 
with the increase in tree mortality and SD C Stocks during the wet subperiod. Average annual 
NEPEC decreased 48% from 173 ± 27 gC/m2yr between 1994 – 2004, to 89 ± 31 gC/m2yr 
between 2004 – 2010, followed by a recovery to 145 ± 31 gC/m2yr between 2010 – 2016 (Figure 
4.4). Ecosystem production at OJP was not impacted in the same way during the wet subperiod. 
Average annual NEPEC at OJP remained rather constant over the course of the 22-year 
observation period, with approximately 39 ± 11 gC/m2yr accumulating in the ecosystem between 
1994 – 2004, 38 ± 11 gC/m2yr between 2004 – 2008, and 42 ± 9 gC/m2yr between 2008 – 2016 
(Figure 4.5). Note that there is a considerable amount of interannual variability in NEPEC at both 
sites, as expressed by the standard error of the mean annual NEPEC for each measurement period.  
4.5.5 Inter-Stock C Fluxes 
During the period of increased mortality at OA (the wet subperiod, 2004 – 2010), there 
was a large flux of 191 ± 50 gC/m2 per year from the living to the SD pool, and an even more 
substantial flux of 243 ± 25 gC/m2 per year from the living and SD pools to ground (Table 4.2). 
This influx of woody debris was reflected in an independent measure of DWD, which was 250 
gC/m2 per year over the same six-years (Table 4.2). The above average rate of transfer from the 
living to the SD pool is mainly a result of trees going from living to whole dead, as indicated by 
a substantial increase in the rate of transfer between these two pools (Figure 4.4). However, there 
was also an increase in the rate of carbon transferred from the living to the broken pool 
compared with the preceding period (Figure 4.4). As for the marked flux of carbon to ground 
during this period, there were substantial influxes from living (109 ± 16 gC/m2 yr), whole dead 
(95 ± 20 gC/m2yr), and broken trees (38 ± 12 gC/m2 yr). In fact, more carbon is transferred from 
the living pool straight to the ground in each subsequent period between measurements, 
	
	
	 	 113 
increasing from 56 ± 12 gC/m2yr, to 109 ± 16 gC/m2yr, and finally to 132 ± 29 gC/m2yr (Figure 
4.4).  
During the last measurement period (2010 and 2016), there was very little carbon (34 ± 
12 gC/m2yr) transferred from the living pool to the SD pool (Table 4.2). However, as previously 
mentioned, there were huge additions from the living pool straight to ground (132 ± 29 
gC/m2yr). After accounting for further additions to ground from the dead pool (79 ± 25 
gC/m2yr), and the broken pool (11 ± 4 gC/m2yr) (Figure 4.4), total additions to ground amounted 
to 222 ± 39 gC/m2yr, which is similar in magnitude to that from the previous measurement 
period (Table 4.2). In this instance, the independent measure of DWD was far less effective at 
capturing the maintained high-level rate of transfer to ground. According to the DWD 
measurements, there was a negative rate of transfer of -78 gC/m2yr between 2010 – 2016, 
representing a marked decrease in woody biomass present on the forest floor during this period. 
There was also an above average internal flux of carbon in the SD pool as a substantial amount 
of whole dead trees broke during this period, transferring 62 ± 22 gC/m2yr from the whole dead 
to the broken pool, representing a near a four-fold increase in carbon flux between these two 
pools compared with the preceding periods (Figure 4.4). This however has little consequence on 
the overall distribution of carbon in the ecosystem since both pools are categorized as SD.  
At OJP, the highest mortality rates were recorded during the 2008 – 2016 period. In 
response, the annual flux of carbon from biomass to necromass (from the living pool to SD and 
ground) also increased, from 36 ± 4 gC/m2yr and 38 ± 8 gC/m2yr during the 1994 – 2004 and 
2004 – 2008 periods respectively, to 67 ± 11 gC/m2yr during 2008 – 2016 (Table 4.2). During 
this same period, there was no notable increase in the rate of carbon transfer to the dead pool 
resulting from live trees remaining whole and standing as they die. Rather, this enhanced flux is 
a result of living trees being broken or felled entirely, as indicated by a marked increase in the 
amount of living biomass being transferred from the living pool to the broken pool in the form of 
stumps or taller broken stems (12 ± 3 gC/m2yr), as well as from the living pool straight to ground 
in the form of broken tree tops and whole felled trees (17 ± 4 gC/m2yr) (Figure 4.5). There was 
also a considerable increase in the rate of transfer from the dead pool to the broken pool during 
this period (14 ± 5 gC/m2yr) (Figure 4.5). 
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The recorded decline in SD C stocks between 2004 and 2008 at OJP coincided with a 
doubling of the average flux from the living and SD pools to ground, from 30 ± 3 gC/m2yr 
between 1994 – 2004 to 61 ± 12 gC/m2yr between 2004 – 2008 (Table 4.2). This is almost 
entirely due to a significant transfer of carbon from whole dead trees to ground (55 ± 12 
gC/m2yr) (Figure 4.5). However, this increase in woody biomass on the ground was once again 
not reflected in an independent measure of DWD. Additions to DWD remained remarkably 
constant between measurement periods, ranging from 13.0 gC/m2yr – 14.4 gC/m2yr (Table 4.2).  
4.6 Discussion 
4.6.1 Moisture 
Evidence suggests that variability in the moisture regime over the 22-year observation 
period may have played a significant role in driving the most notable stock changes at OA. There 
was an increase in the mortality rate of aspen during the wet subperiod (2004 – 2010), 
accompanied by a marked decline in living C stocks, with substantial variability between sample 
plots (-108 ± 73 gC/m2). This is likely indicative of a spatially heterogeneous response of aspen 
to moisture stress associated with drought and/or subsequent flooding. The flux of carbon from 
the living to the dead pool (including SD and ground) was approximately 85% higher between 
2004 – 2010 compared with the preceding period (1994 – 2004) (Table 4.2), and this 
considerable transfer of carbon from biomass to necromass did not occur uniformly across the 
landscape. One of the seven plots accounted for 39.6% of the measured flux from the living to 
the dead pool. At OA, which is not as well drained as OJP, there was water pooling in low lying 
areas across the landscape. It is therefore possible that the plot which disproportionally 
contributed to the elevated mortality rate during this period was situated in an area with standing 
water. Alternatively, this plot could have been disproportionally impacted by the 2001 – 2003 
drought. Michaelian et al., (2011) show that drought can have prolonged impacts on tree 
mortality in western Canada. The observed increase in mortality during the wet subperiod may 
therefore be a legacy effect of recent drought, or the result of some combination of drought and 
subsequent flooding contributing to overall moisture stress. 
While the mortality rate and the flux of carbon from the living to the dead pool fell back 
to pre-2004 levels following the wet subperiod at OA, the transfer of carbon to ground remained 
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high between 2010 and 2016 (Figure 4.4). Some of this maintained high flux can be attributed to 
an enhancement of the SD carbon pool during the wet subperiod, some of which would 
inevitably be transferred to ground in later years. However, the most substantial flux of carbon to 
ground was from the living pool. During this period (2010 – 2016), a single plot accounted for 
31.5% of the measured carbon flux from the living pool to ground. It is unclear as to why the 
living trees in this plot were more susceptible to being felled or broken, and whether this was the 
result of a different type of disturbance, such as wind. Spatial heterogeneity in carbon flux 
between pools resulted in high values for standard error associated with several of the average 
annual fluxes recorded at OA. A larger number of plots may have helped to achieve a more 
accurate representation of the average annual carbon flux between pools at this site. 
4.6.2 Wind 
In a study of the impact of windthrow on tree mortality in southern boreal forest stands, 
the most vulnerable were identified as even-aged, mature stands (~90 years), of early 
successional species (Rich et al., 2007), an apt description for both of the study sites. 
Furthermore, of the nine tree-species studied, jack pine and aspen were identified as being “most 
susceptible to windthrow”, with the 1st and 3rd highest mortality rates following wind 
disturbance, respectively (Rich et al., 2007). This characteristic vulnerability to wind could 
significantly impact the distribution of carbon across the landscape at either of the study sites, 
offering a potential explanation for some of the notable trends in carbon flux observed over the 
22-year observation period, especially at OJP.  
There is observational evidence of the potentially devastating effects of wind at OJP. 
Between September 2016 and April 2017, there was an estimated 14% loss of living trees at the 
site. In this time, approximately 414 ± 49 gC/m2 was transferred from the living pool to SD or 
ground, and an additional 127 ± 31 gC/m2 already in the SD pool was impacted, resulting in 
further additions to ground. Because we did not revisit the site between measurement in 
September 2016, and the following April, it is uncertain when these trees were felled, and 
whether a single event was responsible. During this period, there were high winds recorded at 
OJP on October 4th and 5th, March 7th and 8th, and March 19th. On these days, there were 
sustained winds > 30km/h recorded at both Prince Albert, and Waskesiu with gusts over 50km/h 
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on October 4th and 5th, and gusts over 70km/h on March 7th and 19th (ECCC climate station 
#4056241). While higher wind speeds were recorded on March 7th, and 19th, added weight from 
wet snow falling during the October 4th and 5th storm make this an equally likely candidate. 
Regardless of whether it was one of these events, or a combination of these and others, that were 
responsible for an estimated 900% increase in average annual mortality at OJP, this example 
shows the potential for a significant redistribution of carbon across the landscape in a very short 
period of time. 
The notable flux of carbon from the dead and broken pools to ground observed between 
2004 and 2008 at OJP (Figure 4.5) may have been a result of wind disproportionally impacting 
the weakened trees in the SD pool. In the decade preceding this period, the SD pool had been 
maintained at a relatively stable level (Tables 4.1 and 4.2). A large number of trees at various 
states of decay would have therefore accumulated in the SD pool, many of which would be 
especially vulnerable to windthrow.  
Between 2008 and 2016, there was a notable increase in the mortality rate at OJP, 
accompanied by a marked increase in the amount of carbon transferred from the living and dead 
pools to broken, and from the living pool straight to ground (Figure 4.5). This may have also 
been the result of wind, breaking living and dead stems, and felling whole live trees. Unlike the 
preceding period, less carbon was transferred from the SD pool to ground, which is unexpected 
considering this group is likely to be most vulnerable to blowdown. This discrepancy could be 
due to the fact that there was less carbon present in the dead pool during this time period. At 
OJP, the number of individuals classified as whole dead went from 392 ± 61 in 2004 to 210 ± 53 
by 2008. Therefore, the most vulnerable SD, tall individuals that had achieved more advanced 
states of decay, had likely already been selected for during the preceding period. The decrease in 
carbon flux from dead to ground may therefore be proportional to this decrease in the presence of 
SD, and especially vulnerable individuals.  
4.6.3 Net Ecosystem and Primary Production 
There was a decrease in the annual average rate of carbon uptake (NPPTree) at OJP to 66 
gC/m2yr between 2008 and 2016. This was the same period during which we observed an 
increase in tree mortality. Prior to this, NPPTree was maintained at about 90 gC/m2yr since 1994. 
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It appears that the loss of living individuals impacted the trees ability to fix carbon within the 
stand. There was an even more substantial increase in tree mortality at OA between 2004 – 2010. 
However, unlike OJP, the loss of living individuals was not accompanied by a meaningful 
decrease in NPPTree. The forest at OA appears to be better at taking advantage of openings in the 
canopy. This is a characteristic trait of deciduous species like trembling aspen, which are 
effective at increasing their photosynthetic capacity in response to an increase in light 
availability (Stuart-Haëntjens et al., 2015). 
 This study suggests that NEP is relatively insensitive to changes in NPPTree at these sites. 
Annually averaged NEPEC over the 22-year observation period was 40 ± 6 gC/m2yr at OJP and 
142 ± 18 gC/m2yr at OA. At OJP, NEPEC was quite consistent between measurement periods, 
with values hovering around the 22-year average, ranging from 38 ± 11 to 42 ± 9 gC/m2yr, 
regardless of the drop in NPPTree toward the end of the observation period. At OA, NEPEC fell 
considerably during the wet subperiod, to 89 ± 31 gC/m2yr, 37% lower the 22-year average. In 
this case, it was NPPTree which was maintained at a steady level, irrespective of the trend in 
NEPEC. While the recorded decrease in NEP at OA may have been an ecosystem wide response 
to moisture stress during the wet subperiod, the specific nature of this response remains unclear 
due to the lack of reliable data for all component stocks in the ecosystem. 
It is difficult to compare NEPEC to anything calculated from the biometric inventory data. 
The closest approximation to a biometric measure of NEP (NEPBio) provided by this study is the 
change in total C stocks between measurement periods as expressed by ΔC (Total) in Table 4.2.  
However, this is an incomplete picture without reliable and repeated measures of carbon in all 
components of the ecosystem, understory, fine root, and soil (forest floor and mineral soil). Such 
measurements were attempted in 1994 and 2004 but were discontinued due to questions 
regarding their reliability. Nonetheless, if we are to consider the impact of these measurements 
on our estimate of NEPBio for the period between 1994 and 2004, ΔC (Total) decreases slightly, 
from 67.2 to 59.2 gC/m2yr at OJP, and more than doubles at OA, increasing from 111.4 to 302.4 
gC/m2yr (Table 4.3). Compared with NEPEC over this same period (Table 4.2), the adjustment 
caused an incremental improvement in ΔC (Total) at OJP. Nonetheless, this metric overestimated 
NEPEC by approximately 50% at OJP and 75% at OA. What is clear is that ground and soil level 
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processes have a considerable impact on boreal ecosystem carbon dynamics (Sellers et al., 1997; 
Litton et al., 2007; Misson et al., 2007).  
At OJP, ΔC (Total) is positive throughout the observation period, representing a net 
accumulation of carbon within the ecosystem. At OA, there is a loss in total carbon between 
2010 and 2016, due to a reduction in the SD and DWD carbon pools (Table 4.2). The result is a 
negative value for ΔC (Total) during this period. NEPEC is however positive throughout the 
observation period at both sites, raising the question of whether the missing carbon at OA could 
have ended up in one of the unmeasured components of the ecosystem. If we were to assume that 
additions to understory, fine root, forest floor, and soil between 2010 – 2016 are comparable to 
those from the period between 1994 – 2004 (Table 4.3), ΔC (Total) would increase from -101 ± 
39 to 90 ± 39 gC/m2yr, inching closer to the value of 145 ± 31 gC/m2yr recorded for NEPEC over 
this same period (Table 4.2). 
Our values of ΔC (Total) for the periods 2004 – 2010, and 2010 – 2016 at OA were 
however largely driven by stock changes in the DWD pool between measurement in 2004, 2010, 
and 2016, and there is a great deal of uncertainty associated with these measurements. The 
locations where the DWD measurements were first taken in 1994 were not marked. Sampling 
locations were therefore relocated in 2004 to within the permanent sampling plots established in 
1994 by Gower and Fournier (Fournier et al., 1997; Gower et al., 1997) in 2004. Further 
inconsistencies in the number and location of plots sampled for DWD were introduced during 
later field campaigns. These inconsistencies along with the uncertainty associated with the DWD 
line-intersect method in general (Waddell, 2002; Woldendorp et al., 2004) have likely 
contributed to the observed discrepancies between measures of DWD and estimates of carbon 
input to ground, and to the high variability of ΔC (Total) between measurement periods at OA.  
4.7 Conclusion 
Over the 22-year observation period, several notable changes in C stocks were recorded 
at our two study sites. large scale changes in the distribution of carbon across the landscape 
occurred during periods of elevated tree mortality, likely resulting from shifts in the moisture 
regime at OA, and windthrow at OJP. There is evidence that ecosystem level production was 
also impacted by the increase in tree mortality and the flux of carbon between pools, however 
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this differed between the two sites. NPPTree decreased at OJP in response to enhanced mortality, 
yet it was maintained at a relatively stable level at OA regardless of the increased rate of tree 
mortality. The deciduous trees here were likely more capable of taking advantage of holes in the 
canopy by upping their production efficiency. As for NEPEC, the opposite pattern was observed. 
NEPEC was maintained at a stable level at OJP, and was notably depressed during the wet 
subperiod at OA.   
Future studies of this nature should focus on developing a protocol to reliably and 
accurately measure C stocks in the components of the ecosystem that were neglected in this 
study (Table 4.3), and on reducing uncertainty in the DWD carbon pool. This is especially 
important considering soil level processes can represent a vital component of boreal forest 
carbon dynamics. If a more extensive data collection campaign were launched, a more accurate 
estimate of NEPBio could be achieved, helping to better understand the mechanisms behind the 
decrease in NEP at OA during the wet subperiod. 
There is also opportunity to further explore the impact of windfall on NPPTree and NEP in 
mature jack pine stands, with further study of the hypothesized windthrow event(s) occurring 
post-measurement in 2016. As a result of this disturbance, we could expect an immediate and 
substantial influx of carbon to the DWD pool, and a subsequent increase in the rate of 
heterotrophic respiration. Further measures of DWD and EC flux in the coming years would be 
required to confirm whether these expectations are met and to better appreciate the impact of this 
type of disturbance on jack pine stand and carbon dynamics.  
Climate change will undoubtedly have several impacts on carbon dynamics in the boreal 
forest. Here we find evidence that trembling aspen stands may react poorly to excessive moisture 
and flooding. At OA, flooding likely contributed to moisture stress, ultimately resulting in a 
redistribution of carbon across the landscape, and a notable decrease in annual NEP. An increase 
in moisture is expected in the eastern Canadian boreal forest (Wang et al., 2014). We may 
therefore observe similar negative impacts on mature aspen stands found here. However, it 
remains unclear whether it was drought, flooding, or some combination of the two which 
contributed most to overall moisture stress at our study site. While there is a considerable body 
of knowledge concerning the impacts of drought on trembling aspen growth, the potential 
impacts of flooding have not yet been studied to this same extent and warrant further 
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examination. We also found that wind may represent an important agent of change in mature 
jack pine stands. An increase in the incidence and intensity of extreme storms and high winds 
(IPCC, 2013), will likely lead to more frequent high impact disturbance in both jack pine and 
aspen stands across the boreal (Rich et al., 2007).  
Our two study sites were in close proximity to one another, separated by only about 100 
kms. Carbon dynamics within these sites were nonetheless driven by drastically different 
ecological mechanisms. We thus caution against painting the southern boreal forest with too 
wide a brush. It is vitally important that we first gain a broad understanding of the mechanisms 
responsible for governing carbon and stand dynamics in a range of representative boreal forest 
stands, before we can reliably interpret or forecast change. 
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4.9 Tables and Figures 
	Table 4.1: In-situ C stocks in the biomass, necromass, and on the forest floor in the form of downed woody debris, calculated from 
repeated inventory data. Values for above ground carbon in both pools include allometrically derived estimates for wood, bark, 
branches, and foliage (when appropriate). All values are in tonnes of carbon per hectare (tC/ha) and are representative of the mean and 





Biomass	C	Stocks	 OJP	 	 	 	 	 OA	 	 	 	
	 1994	 2004	 2008	 2016	 	 1994	 2004	 2010	 2016	
Tree	Above	
Ground	 35.6	±	1.9	 40.1	±	2.0	 41.8	±	2.1	 41.4	±	2.2	 	 84.7	±	4.9	 89.7	±	5.9	 84.2	±	9.3	 86.8	±	9.9	
Tree	Coarse	Root	 6.3	±	0.3	 7.2	±	0.4	 7.5	±	0.4	 7.5	±	0.4	 	 10.4	±	0.5	 10.4	±	0.6	 9.4	±	1.0	 9.4	±	1.0	
Tree	Total	 41.9	±	2.2	 47.2	±	2.3	 49.3	±	2.5	 48.9	±	2.6	 	 95.1	±	5.4	 100.1	±	6.4	 93.6	±	10.3	 96.2	±	10.9	
Necromass	C	Stocks	
Standing	Dead	
Above	Ground	 5.3	±	0.7	 5.2	±	0.7	 3.9	±	0.6	 5.7	±	0.9	 	 8.1	±	1.3	 9.9	±	1.4	 11.2	±	2.6	 7.1	±	1.9	
Standing	Dead	
Coarse	Root	 1.0	±	0.1	 1.0	±	0.1	 0.8	±	0.1	 1.2	±	0.2	 	 1.2	±	0.2	 2.3	±	0.3	 2.2	±	0.4	 2.2	±	0.6	
Standing	Dead	
Total	 6.2	±	0.8	 6.2	±	0.9	 4.7	±	0.7	 6.9	±	1.1	 	 9.3	±	1.5	 12.3	±	1.6	 13.4	±	3.0	 9.3	±	2.5	
Downed	Woody	




Table 4.2: The rate of change in C stocks, and fluxes between pools, occurring during the periods between repeated measurements. 
Estimates for NPPTree, derived from the contribution of living trees to biomass between measurements, and EC derived values of 
whole ecosystem production (NEPEC) are also included. All values are in grams of carbon per m2 per year (gC/m2yr) and are 
representative of the mean and standard error among replicate plots. In the case of NEP, the mean and standard error are calculated 
from annual values between each measurement period. *Due to inconsistencies in DWD sampling at OJP, uncertainty associated with 
ΔDWD between 1994-2004 and 1994-2016 are estimated as the mean standard error from the remaining two periods. 
C	Stock	Rates	of	




	 94-04	 04-08	 08-16	 94-16	 	 94-04	 04-10	 10-16	 94-16	
ΔB	
(Tree	Biomass)	 54.0	±	6.8	 51.0	±	9.8	 -4.7	±	9.8	 32.1	±	6.6	
	
49.5	±	30	 -108.5	±	72.7	 44.2	±	20.2	 5.0	±	34.8	
ΔSD	
(Standing	Dead)	 0.2	±	4.7	 -39.5	±	14.5	 27.6	±	10.5	 2.9	±	5.3	
	
29.5	±	17.1	 18.2	±	45.2	 -67.2	±	19.1	 0.0	±	13.1	
ΔDWD	(Downed	
Woody	Debris)	 13.0	±	5.4*	 14.4	±	5.9	 14.0	±	4.8	 13.6	±	5.4*	
	
32.4	±	15.0	 250.2	±	37.3	 -78	±	28.8	 61.7	±	1.0	
ΔC	(Total)	 67.2	±	9.9	 25.9	±	18.5	 36.9	±	15.1	 48.6	±	10.0	
	
111.4	±	37.6	 159.9	±	93.4	 -101	±	40.0	 66.7	±	37.2	
C	Fluxes	 	 	 	 	 	 	 	 	 	
NPPTree	 90.2	±	4.2	 88.8	±	4.6	 66	±	6.8	 81.2	±	4.5	
	
218	±	12.1	 199.3	±	24.3	 228.3	±	25.7	 215.7	±	18.5	
NEPEC	 39.1	±	11.4	 38.5	±	11.5	 42.1	±	8.9	 40.1	±	6.2	
	
172.7	±	27.2	 89.5	±	31.5	 144.8	±	31.2	 142.4	±	18.1	
Living	(B)	-->	
Standing	Dead	
(SD)	 31.4	±	4	 33.9	±	8.1	 46.3	±	10.1	 37.3	±	5.1	
	
106.2	±	14.1	 191.3	±	49.9	 34.1	±	12	 109.7	±	20	
Living	+	Standing	
Dead	(B	+	SD)	-->	
Ground	(G)	 30.0	±	3.2	 61.5	±	12.4	 29.8	±	7.3	 35.6	±	4.5	
	
120.5	±	14.8	 242.7	±	25.4	 222.1	±	38.6	 181.5	±	13.8	
Living	(B)	-->	
Dead	(SD	+	G)	 36.1	±	3.9	 37.6	±	8.5	 66.9	±	11.2	 47.6	±	5.6	
	





Table 4.3: C stock measurements of other ecosystem components taken in 1994 and 2004. The rates of change occurring between 
1994 and 2004 (94-04) are also provided. The values for total ecosystem C-stocks, as well as the updated value for the rate of change 
in total C stocks (ΔC Total) includes C stocks in the ecosystem components listed in this table and those contained in the biomass, 
necromass, and DWD, in Table 4.1. All C stocks (under 1994 and 2004) are in tonnes of carbon per hectare (tC/ha), and the rates of 




	 	 	 	 	 	 	 	 	 	








Measurements	 OJP	 	 	 	 OA	 	 	
	 1994	 2004	 94-04	 	 1994	 2004	 94-04	
Understory	 0.2	 0.1	 -1	 	 0.7	 3.3	 26	
Fine	Root	 0.7	 1.6	 9	 	 0.2	 1.7	 15	
Forest	Floor	 4.4	 4.8	 4	 	 19.4	 34.0	 146	
Mineral	Soil	 18.2	 16.2	 -20	 	 36.0	 36.4	 4	
Total	Ecosystem	





Figure 4.1: Annual precipitation totals at BERMS sites OJP (green bars) and OA (orange bars) from 1997 to 2016. Average 
precipitation (1980 – 2016) along with one standard deviation is shown in yellow for Waskesiu Lake and gray for Prince Albert. 
Average precipitation during select subperiods (1997 – 2000, 2001 – 2003, 2004 – 2010, and 2011 – 2016) are shown in green if 




























































Figure 4.2: Volumetric Soil Water Content (VWC) from 1997 to 2019 at OA (orange) and OJP (green). The normal, dry, and wet 
















































































Figure 4.3: The change in stand density at OJP and OA. A linear least squares regression line is included to show periods of 






Figure 4.4: Conceptual diagram of C fluxes between pools at OA during each measurement period. The green circle represents the 
period between measurement in 1994 and 2004, the blue square, the period between 2004 and 2010, and the yellow triangle, the 
period between 2010 and 2016. Values for NPPTree and NEPEC are also depicted on this figure. All values listed are in grams of carbon 





Figure 4.5: Conceptual diagram of C fluxes between pools at OJP during each measurement period. The green circle represents the 
period between measurement in 1994 and 2004, the blue square, the period between 2004 and 2008, and the yellow triangle, the 
period between 2008 and 2016. Values for NPPTree and NEPEC are also depicted on this figure. All values listed are in grams of carbon 
per m2 per year (gC/m2yr). 
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CHAPTER 5 
CONCLUSIONS 
The main goal of this research was to better understand the interface between radial 
growth, climate, and carbon in the Canadian southern boreal forest, and to ultimately improve 
our understanding of how climate change may impact radial-tree growth and carbon dynamics in 
this region. Over the course of the three manuscripts contained herein, the main environmental 
drivers of radial-tree growth and forest-stand level carbon flux were identified over the short-, 
medium-, and long-term, and comparisons were made between the species examined (jack pine, 
black spruce, eastern larch, and trembling aspen). Based on these results, I offer a summary of 
my main findings and discuss their implications in the context of climate change. 
5.1 Synthesis of Dendrochronological Findings 
One of the main strengths associated with this compendium of research is the extensive 
collection of data and observations regarding the dominant drivers of ring widths and stem size 
across multiple temporal scales. For this reason, I would like to begin by offering a synthesis of 
my main findings related to this comprehensive examination of relationships in the context of the 
southern boreal forest.  
5.1.1 Jack Pine 
In this region over the long term (approx.100 years), there were no statistically significant 
relationships between monthly temperature and precipitation variables and the annual radial 
growth of jack pine. At best, it can be said that jack pine radial growth had a weak negative 
association with current October temperature over the long term. In recent decades however, 
since about the late 1970s, I observed emergent positive relationships between jack pine radial 
growth and previous spring temperature (April), previous winter temperatures (November – 
January), current spring temperature (April), and current late summer temperatures (July – 
September). In terms of relationships with precipitation, over the long term, jack pine radial 
growth had a relatively consistent positive relationship with May precipitation. Since about the 
late 1970s, relationships with precipitation have become muted, with a significant decrease in the 
strength of relationships between annual radial growth and monthly adjusted precipitation.  
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Over the medium term (2000 – 2018) jack pine had a strong positive relationship with 
annually resolved measures of NEP (summed over the calendar year, from January to 
December). At monthly scale resolution, jack pine radial growth was positively associated with 
previous fall NEP (August – December), with statistically significant relationships with previous 
August and October NEP, as well as with current May NEP.  
5.1.2 Black Spruce 
 The annual radial growth of black spruce was negatively associated with spring and early 
summer temperatures over the long term (100+ years), this includes a significant negative 
relationship with current maximum June temperature. In recent decades, again since about the 
late 1970s, negative relationships between annual black spruce radial growth and monthly 
temperature variables have weakened, while positive relationships with current late summer / fall 
temperatures (July – September) have emerged. Black spruce has had a strong positive 
relationship with several monthly precipitation variables over the long term, including significant 
positive relationships with previous May and August precipitation, as well as with current spring 
/ early summer precipitation (March – June). Like with jack pine, relationships with precipitation 
have become muted since about the late 1970s, with a significant decrease in the strength of 
relationships between the radial growth of black spruce and monthly precipitation.  
 Over the medium term (1999 – 2015), there were no relationships between black spruce 
radial growth and annual measures of ecosystem carbon (NEP, GEP, and RE). However, when 
exploring relationships between annual radial growth and monthly ecosystem C-flux, a 
significant positive relationship between black spruce radial growth and current July GEP was 
observed.   
5.1.3 Trembling Aspen 
 Over the long term observation period (approx. 100 years), trembling aspen had a 
positive relationship with late-spring / early-summer temperatures (May – July). These positive 
relationships have been fairly consistent in terms of their quality, remaining generally positive 
over the lifetime of this stand. In recent decades, since about the late 1970s, I observed emergent 
positive relationships with previous growing season temperatures (May – September), suggesting 
that previous growing season conditions, specifically air temperature, is becoming increasingly 
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important for the growth of trembling aspen in this region. Trembling aspen has had a relatively 
weak relationship with monthly precipitation in this region over the long term. I did however, 
observe a strong positive relationship with previous September precipitation which persisted 
from approximately the early 1930s to the mid-1970s. Like with jack pine and black spruce, It 
can be said that the relationship between trembling aspen and precipitation has weakened in 
recent decades but this trend is not as clear cut as with these other species. Perhaps a weakening 
of the relationship between annual radial growth and precipitation has been ongoing longer for 
trembling aspen than it has for jack pine or black spruce. It is difficult to make this determination 
concidering relationships with precipitation have been relatively weak over the lifetime of this 
forest stand. 
 Over the medium term (1997 – 2017) there were no relationships between the annual 
radial growth of trembling aspen and annually resolved measures of ecosystem carbon. When 
exploring relationships with monthly C-flux variables however, the annual radial growth of 
trembling aspen had a significant negative relationship with current January NEP, and a 
significant positive relationship with current January RE.  
5.1.4 Common Physiological Responses Amongst Study Species 
Over intra-annual timescales during the short term observation period (2015 – 2018), 
nearly all observed relationships between the stem radius variability (∆R) of the study species 
and local environmental variables, including eddy covariance C-flux variables, can be attributed 
to short-term physiological responses of stem size to meteorological conditions. For example, the 
four study species for which I have collected high-resolution stem size data (jack pine, black 
spruce, eastern larch, and trembling aspen) all had a strong positive relationship with 
precipitation over daily and weekly timescales. This is attributed to stem water replenishment in 
response to the input of moisture during periods with low vapor pressure deficit (VPD) under 
cloud cover. Additionally, observed negative relationships between daily variations in stem size 
and air temperature are attributed to increased transpiration rates and an immediate decrease in 
stem water volume in response to sunny conditions and warm air temperatures. While these 
physiological responses to inputs of moisture and fluctuations in daily temperature and light 
availability were common between species, I did note subtle inter-species differences in their 
responses. Compared with the other three species, jack pine stem size appeared to be most 
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sensitive to the input of moisture from precipitation. The stem size of black spruce and larch 
were less sensitive to precipitation than jack pine overall, but more responsive to precipitation 
when they had lesser access to root zone water resources, during periods when water table fell 
below the root zone. Finally, trembling aspen appeared to be least susceptible to stem radius 
fluctuations in response to precipitation.  
The only relationships observed over intra-annual scales that may be associated with 
tracheid cell production or enlargement, processes which contribute to active ring development 
and radial growth, were positive relationships between air and soil temperature and the ∆R of the 
study species. This occured during the 2016, 2017, and 2018 growing seasons, during periods of 
enhanced moisture availability, when positive relationships between ∆R and air temperature 
from 1 to 3 days prior (lag = -1 to -3), as well as with soil temperature (lag = 0) were observed.  
Relationships between the ∆R of the study species and ecosystem C-flux variables over 
intra-annual scales were likely spurious, driven by co-occuring responses of stem size and 
ecosystem C-flux to the same meteorological variables discussed above, namely temperature and 
precipitation, as well as their interactions with cloud cover and light availability.  
5.2 Radial Growth/Climate Relationship 
Climate at the nearby ECCC climate station in Prince Albert, Saskatchewan, has been 
warming and wetting since 1890 (Appendix D). Relative to the reference period (1890-1919), 
temperature has increased during every month except October, which experienced little change. 
The most marked increase in temperature, occurred in January, February, and March, months 
during which there was roughly a 4°C increase in mean monthly temperature. The remaining 
months (April – December) experienced an increase in temperature nearer 1°C relative to the 
reference period. Months with the most marked increase in precipitation include April and 
October. However, there was also an increase in precipitation throughout the spring and summer 
months (May, June, July) and early fall (September) (Appendix D). 
It has been suggested that some boreal forest trees may end up benefitting from spring 
warming, providing there is sufficient moisture to support growth (Boisvenue & Running, 2006; 
Zhang et al., 2008; D’Orangeville et al., 2018). Trees in the southern boreal forest of 
Saskatchewan may be particularly well positioned to take advantage of the observed climatic 
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changes, considering that moisture is the dominant limiting factor controlling the distribution and 
growth of trees in this region (Sellers et al., 1995; Ireson et al., 2015), and that the dominant tree 
species found here may benefit from moderate climate warming (D’Orangeville et al., 2018). 
The results from Chapter 2 provide support for this hypothesis. Here, I report on shifting 
growth/climate relationships over the long term (~100 years) at annual-scale resolution. These 
shifts include a weakening of the relationship between radial growth and precipitation, since the 
mid-1950s for aspen, and since the late-1970s for jack pine and black spruce, and an overall 
enhanced positive response of these three species to spring and summer air temperature. Like the 
divergence problem, which highlights issues of non-stationarity in the growth/climate 
relationship in trees further north, I attribute the cause of this dynamic relationship to changing 
limitations. More specifically, the shifting growth/climate relationships observed here are likely 
signalling a decrease in moisture limitations, and a positive response to recent warming. Over 
intra-annual scales, I also find evidence of a positive relationship between daily stem radius 
change (∆R) and air temperature within the growing season during the short-term observation 
period (2015 – 2018). However, this relationship was only significant when moisture 
requirements were met, again calling reference to the importance of moisture and its role in 
supporting the relationship between radial growth and temperature. 
Changes in moisture conditions in the Canadian boreal forest, both historically (over the 
last several decades), and moving forward, are spatially variable across the landscape (Jeong et 
al., 2014; Wang et al., 2014). It is likely that the Boreal Ecosystem Research and Monitoring 
Sites (BERMS) are situated in a region where an increase in evaporative demand in response to 
the recent warming trend has, to date, been successfully offset by a co-occurring increase in 
precipitation, resulting in a net increase in available moisture. It is unclear whether this trend will 
carry forward for much longer, as it is likely for the balance to tip in the opposite direction, as 
rates of evapotranspiration are expected to overshadow any gains in moisture related to an 
increase in precipitation over the long term (Jeong et al., 2014; Wang et al., 2014). This is likely 
already occurring to the west and to the north of the BERMS sites (Wang et al., 2014), where we 
find evidence of reduced radial growth and increased tree mortality (Barber et al., 2000; 
Michaelian et al., 2011; Walker & Johnstone 2014). While the findings from this and other 
studies help to improve our understanding of the impacts of climate change on boreal forest 
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trees, more work is needed. Relationships between radial-tree growth and climate in the 
Canadian boreal forest are regionally defined and species specific, requiring widespread and 
comprehensive study. 
5.3 Carbon Dynamics 
My next goal was to assess the relationship between radial-tree growth and carbon, to 
better understand how the direct impact of climate change on boreal forest tree growth may 
translate to an impact on forest carbon dynamics. To date, dendrochronological techniques have 
been underutilized in the context of forest carbon research. However, tree rings hold great 
potential in this field of study, as they are an in situ representation of forest wood production 
over time, one of the largest components of forest ecosystem production. Recent work in this 
area has yielded mixed results, highlighting significant gaps in our understanding of tree level 
primary production and its role in the process of active ring development (or xylogenesis). My 
goal in Chapter 3 was to assess relationships between forest carbon and radial growth across the 
temporal scale, over the medium- and short-terms. I applied analytical techniques analogous to 
those from the dendroclimatological assessment completed in Chapter 2, in this case applying 
them in a relatively novel context. Overall my findings are similar to those from other recent 
studies and help us to better understand the nature of observed relationships.  
At annual-scale resolution, only the radial growth of jack pine was significantly and 
positively influenced by ecosystem level carbon (net ecosystem production; NEP) over the 
medium term (~20 years). Comparatively, black spruce and trembling aspen are more likely to 
rely situationally on stored non-structural carbohydrates (Rocha et al., 2006; Richardson et al., 
2013; Gea-Izquierdo et al., 2014), introducing the potential for inconsistency in the relationship 
between ecosystem production (uptake) and radial growth (allocation). As evidenced by my 
comparison of static and dynamic correlation analyses in Chapter 2, even a slight inconsistency 
in the relationship between ecosystem production and radial growth over time has the potential to 
influence the result of a static correlation analysis. It can therefore be said that jack pine had a 
consistent relationship with ecosystem carbon during the observation period (2000 – 2018), 
during which this species consistently benefited from carbohydrate storage from the previous 
fall, and from elevated levels of ecosystem production during the current spring. 
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Over intra-annual scales (2015 – 2018), correlation between stem radius change (∆R) and 
values of ecosystem carbon flux (NEP, RE, GEP) were likely spurious, and driven by co-
occurring responses to precipitation and light availability, as well as soil temperature. As 
identified by Zweifel et al. (2010), perceived negative relationships between ∆R and measures of 
ecosystem production (NEP and GEP) are more likely to do with tree/water relations than with 
radial growth. These represent two competing signals in high-resolution stem size data that 
become increasingly difficult to disentangle as temporal resolution increases. The likely reason 
for the inverse relationship between ∆R and measures of ecosystem production (NEP and GEP) 
observed in this study at daily resolution is as follows: Days where there are high levels of 
ecosystem production, under warm sunny conditions, manifest in stem shrinkage due to high 
transpiration and dehydration. Conversely, during rain events, and under cloud cover, the inverse 
is true, ecosystem production is more likely to be low while stem water content is being 
replenished. The likelihood that this perceived negative relationship is associated with stem 
water dynamics at daily resolution is further evidenced by the fact that these relationships are 
significant almost exclusively during periods when the ∆R of my study species were particularly 
responsive to precipitation, as observed in the previous chapter of this dissertation (Chapter 2).  
Similar overlap was observed between the positive relationship between ∆R and RE in 
Chapter 3, and the positive relationship between ∆R and soil temperature in Chapter 2, pointing 
to the likelihood that this relationship likely results from a common response to a third variable, 
in this case soil temperature. Based on these findings, there was effectively no evidence of a true 
relationship between stem size and measures of ecosystem carbon over fine-scale temporal 
resolution. Perceived relationships were likely spurious, driven by a combination of factors, 
including but not limited to combinations of precipitation and soil temperature. 
My findings point to the likelihood that radial growth and ecosystem carbon are 
independent from one another. Therefore, the impact of climate change on the radial growth of 
widespread boreal forest species may not result in an impact on overall ecosystem carbon 
dynamics, as initially hypothesized. It is however still possible that there exists a connection 
between radial growth and ecosystem carbon variables and that it is simply undetectable by 
means of standard dendrochronological analysis. This would likely be due to the complexity and 
inconsistency in a relationship where variable lags and changing carbohydrate allocation 
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strategies are occurring in response to environmental conditions, mechanisms that are often site 
and species specific (Richardson et al., 2013; Gea-Izquierdo et al., 2014; Lempereur et al., 2015; 
Deslauriers et al., 2016). Our understanding of the process of carbon uptake and allocation to 
woody biomass will only improve over time, as datasets of eddy covariance flux continue to 
increase in breadth, length, and accuracy. Future research should also look to improve current 
methods of isolating the growth signal from the water signal in dendrometer data, perhaps using 
complementary datasets, like those collected with the use of sapflux sensors. 
By taking a slightly different approach in Chapter 4 of this dissertation, I identify 
important agents of change, responsible for a conciderable redistribution of carbon and impacts 
to stand level carbon dynamics in jack pine and trembling aspen stands. For this study, I 
contributed the latest in a series of repeated inventory style measurements which make up a two-
decade long record (1994 – 2016) of forest carbon stocks and fluxes at BERMS Old Jack Pine 
(OJP) and Old Aspen (OA). Conciderable changes in the distribution of carbon across the 
landscape occurred at both sites over the course of the observation period. The most notable 
stock changes occurred during periods of enhanced tree mortality, likely resulting from moisture 
stress at OA, and windthrow at OJP. There is evidence that ecosystem level production was also 
impacted during periods of enhanced tree mortality, however this differed between the two sites. 
NPPTree decreased at OJP in response to enhanced mortality, yet it was maintained at a relatively 
stable level at OA regardless of the mortality rate. The deciduous trees here were likely more 
capable of taking advantage of holes in the canopy by maintaining LAI and increasing 
production efficiency. As for NEPEC, the opposite pattern was observed. NEPEC was maintained 
at a stable level at OJP, and was notably depressed during a period of increased mortality at OA. 
While moisture stress may have been responsible for an increase in tree mortality and a 
significant redistribution of carbon across the landscape at OA, considering the maintenance of 
overall NPPTree, the radial growth of surviving trees may have been impacted positively. This 
positive impact is likely due to trembling aspen’s ability to take advantage of an increase in light 
availability through newly formed holes in the canopy. Therefore, if the radial growth/climate 
relationship were assessed for the trees within OA, as they were in Chapter 2, we may identify 
that an increase in moisture positively impacted radial growth within the site, which is not 
indicative of the whole story. In reality, an increase in moisture may have benefit the trees in 
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well drained sections of the site, due to an increase in water and light resources, while 
simultaneously causing flooding in nearby sections of the site, resulting in additional moisture 
stress and high levels of mortality for nearby trees. This has implications for those undertaking 
dendroclimatological studies in trembling aspen and perhaps other deciduous dominated stands.  
5.4 Final Thoughts 
In summary, over the near term, warming and wetting may benefit the radial growth of 
several tree species in the southern boreal forest of Saskatchewan, where moisture is the main 
limiting factor (Ireson et al., 2015). I see evidence of this in shifting growth/climate 
relationships, and in the positive response of radial growth to temperature during periods when 
moisture requirements are met. However, in mature trembling aspen dominated stands, an 
increase in available moisture may result in small- to medium-scale disturbance, resulting in 
enhanced tree mortality and a significant flux of carbon from biomass to necromass. Based on 
my observations at OA, wetting simultaneously contributed to enhanced mortality and enhanced 
growth. The end result was a net decrease in ecosystem production. 
Moving forward, increased rates of evapotranspiration are expected to overshadow any 
gains in moisture related to an increase in precipitation, a trend which is likely already occurring 
to the west and to the north of the BERMS sites (Wang et al, 2014). Under these circumstances, 
and based on my results, species in the southern boreal forest will need to rely more heavily on 
effective precipitation and root-zone soil moisture to support their growth. Under extreme water 
limitations, we are likely to see a negative response to warm air temperature, reduced growth 
rates, and enhanced tree mortality (Barber et al., 2000; Michaelian et al., 2011; Peng et al., 2011; 
Walker & Johnstone 2014; Chen & Luo 2015). 
Lastly, I identified that wind likely represents an important agent of disturbance in mature 
jack pine stands. An increase in the incidence and intensity of extreme storms and high winds 
(IPCC, 2013) will likely lead to more frequent high-impact disturbance in the boreal forest. 
While mature jack pine stands may be particularly vulnerable to this type of disturbance, this is 
likely to have widespread impact in a range of boreal forest stands (Rich et al., 2007). At OJP 
wind throw resulted in a decrease in tree-level primary production (NPPTree), however overall 
ecosystem production (NEPEC) was not impacted. 
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Overall, climate change will have a varied impact on radial growth and carbon dynamics 
in the boreal forest. In this study, I observed contrasting drivers of radial growth and carbon 
dynamics in sites situated within a 50 km radius in the southern boreal forest of Saskatchewan. 
Further work is needed to better understand how climate change will impact radial growth and 
carbon dynamics in this region of Canada and beyond. It is vitally important that we first gain a 
broad understanding of the mechanisms responsible for governing radial growth and carbon 
dynamics in a range of characteristic boreal forest stands, before we can reliably interpret or 
forecast change. In the meantime, we must be careful not to paint the boreal forest with too wide 
a brush. 
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APPENDIX A 
REGRESSION ANALYSIS BETWEEN PRINCE ALBERT, WASKESIU, AND BERMS 
A regression analysis was undertaken to assess the relationship between meteorological 
conditions at the three BERMS sites and those from nearby Environment and Climate Change 
Canada (ECCC) climate stations, Prince Albert (stations #4056240 and #4056241) and Waskesiu 
Lake (station #4068559). I compared daily mean, minimum, and maximum temperature, as well 
as daily precipitation at OJP, OBS, and OA, with equivalent measures from Prince Albert and 
Waskesiu over the 22-year data collection period at BERMS (1997 – 2018). This was done for 
conditions within each month independently, resulting in a series of linear models describing the 
relationship between monthly conditions at the BERMS sites, and those from Prince Albert and 
Waskesiu (Tables A.1 to A.6).  
Between 1997 – 2018, conditions at Waskesiu closely resembled conditions at the 
BERMS sites (Tables A.4 to A.6). However, the long-term climate record only begins in 1966, 
and contains missing data. Comparatively, climate records from the ECCC station in Prince 
Albert yielded slightly weaker relationships when compared with equivalent conditions at 
BERMS (Tables A.1 to A.3), yet the long-term record is far more extensive, beginning in 1884 
and near continuous since 1890.  
Overall, mean and maximum daily temperature at the BERMS sites are closely related to 
equivalent conditions from both ECCC climate stations. The relationship between minimum 
daily temperatures at the BERMS and ECCC sites is comparatively weaker, especially during the 
spring and summer months (Tables A.1 to A.6).   
I went on to build long-term monthly climate records for the three BERMS sites modeled 
from conditions at Prince Albert and Waskesiu (See Figure A.1, and Example Code below). 
However, relationships were close enough to justify the use of the climate record collected from 
Prince Albert for the annual climate analysis in Manuscript 2, allowing us to avoid introducing 
unnecessary uncertainty into the analysis by using modeled data.  
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I did not attempt to model precipitation, it is regionally defined, and thus did not yield 
strong relationships between the BERMS and ECCC sites. Even Waskesiu and OA, which are 
near one-another, had significant differences in daily rainfall (Table A.6). 
	
	 	 	
Table A.1: Regression between daily conditions at Prince Albert and OJP (1997-2018) 
Month	 MeanAirTemp	 R2	 MinAirTemp	 R2	 MaxAirTemp	 R2	 Precip	 R2	
Jan	 y	=	-0.927	+	0.916x		 0.880	 y	=	-1.798	+	0.826x		 0.795	 y	=	-1.659	+	0.931x		 0.887	 y	=	0.387	+	0.581x		 0.291	
Feb	 y	=	-0.467	+	0.894x		 0.852	 y	=	-1.663	+	0.797x		 0.768	 y	=	-0.565	+	0.954x		 0.851	 y	=	0.234	+	0.628x		 0.424	
Mar	 y	=	-0.120	+	0.879x		 0.859	 y	=	-1.266	+	0.790x		 0.800	 y	=	0.067	+	0.973x		 0.878	 y	=	0.212	+	0.884x		 0.490	
Apr	 y	=	-0.331	+	0.966x		 0.877	 y	=	0.178	+	0.889x		 0.736	 y	=	-1.136	+	0.934x		 0.914	 y	=	0.430	+	0.614x		 0.476	
May	 y	=	-1.047	+	1.039x		 0.815	 y	=	1.489	+	0.770x		 0.603	 y	=	-2.658	+	0.990x		 0.903	 y	=	0.432	+	0.733x		 0.411	
Jun	 y	=	-0.259	+	0.993x		 0.777	 y	=	3.341	+	0.720x		 0.601	 y	=	-1.547	+	0.975x		 0.869	 y	=	1.330	+	0.547x		 0.304	
Jul	 y	=	0.685	+	0.949x		 0.705	 y	=	4.322	+	0.697x		 0.552	 y	=	-1.383	+	0.989x		 0.827	 y	=	1.398	+	0.546x		 0.251	
Aug	 y	=	-0.792	+	1.031x		 0.819	 y	=	4.137	+	0.718x		 0.583	 y	=	-2.205	+	1.007x		 0.903	 y	=	0.640	+	0.563x		 0.390	
Sep	 y	=	-0.789	+	1.015x		 0.867	 y	=	2.413	+	0.774x		 0.642	 y	=	-2.134	+	0.978x		 0.919	 y	=	0.464	+	0.812x		 0.549	
Oct	 y	=	-0.668	+	0.989x		 0.887	 y	=	0.747	+	0.815x		 0.655	 y	=	-1.830	+	0.959x		 0.928	 y	=	0.402	+	0.691x		 0.538	
Nov	 y	=	-1.056	+	0.935x		 0.916	 y	=	-0.854	+	0.862x		 0.815	 y	=	-1.870	+	0.962x		 0.928	 y	=	0.259	+	0.823x		 0.573	
Dec	 y	=	-0.714	+	0.948x		 0.884	 y	=	-1.136	+	0.865x		 0.802	 y	=	-1.912	+	0.937x		 0.883	 y	=	0.277	+	0.949x		 0.463	
Table A.2: Regression between daily conditions at Prince Albert and OBS (1997-2018) 
Month	 MeanAirTemp	 R2	 MinAirTemp	 R2	 MaxAirTemp	 R2	 Precip	 R2	
Jan	 y	=	-0.337	+	0.910x		 0.774	 y	=	-1.373	+	0.803x		 0.652	 y	=	-1.316	+	0.939x		 0.828	 y	=	0.382	+	0.534x		 0.257	
Feb	 y	=	-0.306	+	0.894x		 0.831	 y	=	-1.545	+	0.781x		 0.736	 y	=	-0.648	+	0.960x		 0.843	 y	=	0.315	+	0.549x		 0.282	
Mar	 y	=	-0.216	+	0.870x		 0.854	 y	=	-1.395	+	0.767x		 0.779	 y	=	-0.087	+	0.969x		 0.872	 y	=	0.299	+	0.623x		 0.494	
Apr	 y	=	0.128	+	0.938x		 0.679	 y	=	0.756	+	0.850x		 0.510	 y	=	-0.676	+	0.908x		 0.768	 y	=	0.437	+	0.612x		 0.522	
May	 y	=	-0.667	+	1.036x		 0.633	 y	=	2.493	+	0.729x		 0.334	 y	=	-2.322	+	0.974x		 0.794	 y	=	0.598	+	0.674x		 0.382	
Jun	 y	=	0.837	+	0.935x		 0.532	 y	=	5.263	+	0.592x		 0.247	 y	=	-0.857	+	0.940x		 0.735	 y	=	1.337	+	0.540x		 0.314	
Jul	 y	=	1.507	+	0.905x		 0.499	 y	=	6.811	+	0.540x		 0.205	 y	=	-1.257	+	0.972x		 0.741	 y	=	1.595	+	0.536x		 0.216	
Aug	 y	=	-0.821	+	1.017x		 0.800	 y	=	5.074	+	0.652x		 0.482	 y	=	-2.600	+	0.999x		 0.904	 y	=	0.945	+	0.569x		 0.280	
Sep	 y	=	-0.924	+	1.009x		 0.855	 y	=	2.870	+	0.733x		 0.556	 y	=	-2.491	+	0.967x		 0.921	 y	=	0.576	+	0.666x		 0.537	
Oct	 y	=	-0.830	+	0.994x		 0.886	 y	=	0.827	+	0.781x		 0.609	 y	=	-2.229	+	0.956x		 0.937	 y	=	0.402	+	0.685x		 0.632	
Nov	 y	=	-1.127	+	0.926x		 0.909	 y	=	-0.958	+	0.837x		 0.802	 y	=	-2.168	+	0.954x		 0.932	 y	=	0.381	+	0.645x		 0.436	




Table A.3: Regression between daily conditions at Prince Albert and OA (1997-2018) 
Month	 MeanAirTemp	 R2	 MinAirTemp	 R2	 MaxAirTemp	 R2	 Precip	 R2	
Jan	 y	=	1.011	+	0.953x		 0.903	 y	=	0.171	+	0.843x		 0.804	 y	=	-0.293	+	0.975x		 0.929	 y	=	0.272	+	0.657x		 0.492	
Feb	 y	=	0.674	+	0.908x		 0.886	 y	=	-0.474	+	0.776x		 0.766	 y	=	-0.116	+	0.986x		 0.934	 y	=	0.171	+	0.703x		 0.518	
Mar	 y	=	0.367	+	0.884x		 0.905	 y	=	-0.059	+	0.776x		 0.815	 y	=	-0.448	+	0.972x		 0.948	 y	=	0.306	+	0.651x		 0.460	
Apr	 y	=	-0.116	+	0.998x		 0.897	 y	=	1.242	+	0.865x		 0.697	 y	=	-1.671	+	0.954x		 0.958	 y	=	0.401	+	0.620x		 0.537	
May	 y	=	-0.470	+	1.035x		 0.839	 y	=	2.726	+	0.741x		 0.546	 y	=	-2.070	+	0.972x		 0.951	 y	=	0.405	+	0.768x		 0.493	
Jun	 y	=	-0.043	+	0.975x		 0.777	 y	=	4.781	+	0.629x		 0.464	 y	=	-1.495	+	0.950x		 0.935	 y	=	0.848	+	0.645x		 0.507	
Jul	 y	=	0.664	+	0.933x		 0.730	 y	=	6.253	+	0.587x		 0.393	 y	=	-1.046	+	0.939x		 0.898	 y	=	1.103	+	0.611x		 0.269	
Aug	 y	=	-0.366	+	0.998x		 0.792	 y	=	5.890	+	0.613x		 0.408	 y	=	-2.071	+	0.971x		 0.928	 y	=	0.596	+	0.631x		 0.387	
Sep	 y	=	-0.321	+	1.001x		 0.843	 y	=	3.663	+	0.692x		 0.500	 y	=	-2.047	+	0.968x		 0.945	 y	=	0.320	+	0.849x		 0.698	
Oct	 y	=	-0.297	+	1.046x		 0.901	 y	=	1.669	+	0.828x		 0.594	 y	=	-1.773	+	0.983x		 0.962	 y	=	0.223	+	0.739x		 0.531	
Nov	 y	=	-0.240	+	0.933x		 0.922	 y	=	0.127	+	0.845x		 0.816	 y	=	-1.429	+	0.954x		 0.948	 y	=	0.339	+	0.637x		 0.301	
Dec	 y	=	0.477	+	0.948x		 0.901	 y	=	-0.149	+	0.841x		 0.798	 y	=	-0.802	+	0.954x		 0.927	 y	=	0.173	+	0.928x		 0.616	
Table A.4: Regression between daily conditions at Waskesiu and OJP (1997-2018) 
Month	 MeanAirTemp	 R2	 MinAirTemp	 R2	 MaxAirTemp	 R2	 Precip	 R2	
Jan	 y	=	-1.354	+	0.948x		 0.952	 y	=	-1.734	+	0.906x		 0.921	 y	=	-1.517	+	0.958x		 0.954	 y	=	0.167	+	0.931x		 0.498	
Feb	 y	=	-0.946	+	0.945x		 0.943	 y	=	-1.064	+	0.907x		 0.904	 y	=	-1.132	+	0.973x		 0.948	 y	=	0.163	+	0.626x		 0.459	
Mar	 y	=	-0.497	+	0.942x		 0.948	 y	=	-0.702	+	0.897x		 0.905	 y	=	-0.732	+	0.992x		 0.959	 y	=	0.314	+	0.554x		 0.282	
Apr	 y	=	0.169	+	0.989x		 0.938	 y	=	0.454	+	0.937x		 0.852	 y	=	-0.622	+	0.988x		 0.954	 y	=	0.327	+	0.683x		 0.487	
May	 y	=	-0.351	+	1.044x		 0.911	 y	=	0.823	+	0.918x		 0.806	 y	=	-1.088	+	0.997x		 0.937	 y	=	0.471	+	0.620x		 0.421	
Jun	 y	=	-0.070	+	1.016x		 0.876	 y	=	1.609	+	0.891x		 0.792	 y	=	-0.461	+	0.987x		 0.906	 y	=	1.486	+	0.530x		 0.265	
Jul	 y	=	0.088	+	1.010x		 0.842	 y	=	1.921	+	0.886x		 0.723	 y	=	-0.298	+	0.994x		 0.887	 y	=	1.400	+	0.472x		 0.270	
Aug	 y	=	-0.554	+	1.039x		 0.905	 y	=	1.198	+	0.934x		 0.786	 y	=	-0.407	+	0.997x		 0.918	 y	=	0.613	+	0.546x		 0.389	
Sep	 y	=	-0.644	+	1.031x		 0.934	 y	=	0.487	+	0.965x		 0.826	 y	=	-0.854	+	1.005x		 0.947	 y	=	0.423	+	0.693x		 0.492	
Oct	 y	=	-0.620	+	0.991x		 0.939	 y	=	-0.023	+	0.972x		 0.838	 y	=	-0.833	+	0.986x		 0.955	 y	=	0.454	+	0.516x		 0.510	
Nov	 y	=	-0.897	+	0.980x		 0.962	 y	=	-0.665	+	0.976x		 0.922	 y	=	-1.024	+	0.989x		 0.964	 y	=	0.165	+	0.809x		 0.542	




Table A.5: Regression between daily conditions at Waskesiu and OBS (1997-2018) 
Month	 MeanAirTemp	 R2	 MinAirTemp	 R2	 MaxAirTemp	 R2	 Precip	 R2	
Jan	 y	=	-0.631	+	0.950x		 0.851	 y	=	-0.91	+	0.901x		 0.790	 y	=	-1.205	+	0.962x		 0.883	 y	=	0.206	+	0.814x		 0.412	
Feb	 y	=	-0.693	+	0.952x		 0.933	 y	=	-0.732	+	0.902x		 0.890	 y	=	-1.225	+	0.979x		 0.938	 y	=	0.311	+	0.449x		 0.202	
Mar	 y	=	-0.548	+	0.939x		 0.954	 y	=	-0.741	+	0.879x		 0.899	 y	=	-0.880	+	0.995x		 0.966	 y	=	0.364	+	0.395x		 0.287	
Apr	 y	=	0.653	+	0.956x		 0.714	 y	=	1.068	+	0.901x		 0.589	 y	=	-0.163	+	0.959x		 0.799	 y	=	0.315	+	0.706x		 0.574	
May	 y	=	-0.077	+	1.049x		 0.726	 y	=	1.675	+	0.931x		 0.512	 y	=	-0.811	+	0.983x		 0.828	 y	=	0.557	+	0.623x		 0.454	
Jun	 y	=	0.548	+	0.989x		 0.635	 y	=	3.144	+	0.809x		 0.397	 y	=	-0.089	+	0.966x		 0.787	 y	=	1.320	+	0.585x		 0.344	
Jul	 y	=	0.292	+	0.999x		 0.649	 y	=	3.574	+	0.801x		 0.366	 y	=	-0.574	+	0.993x		 0.827	 y	=	1.364	+	0.525x		 0.306	
Aug	 y	=	-0.816	+	1.040x		 0.908	 y	=	2.012	+	0.884x		 0.707	 y	=	-1.217	+	1.007x		 0.952	 y	=	0.852	+	0.556x		 0.307	
Sep	 y	=	-0.892	+	1.035x		 0.938	 y	=	0.837	+	0.951x		 0.771	 y	=	-1.324	+	1.000x		 0.961	 y	=	0.490	+	0.591x		 0.534	
Oct	 y	=	-0.806	+	1.002x		 0.949	 y	=	0.109	+	0.958x		 0.821	 y	=	-1.265	+	0.987x		 0.972	 y	=	0.539	+	0.447x		 0.456	
Nov	 y	=	-0.937	+	0.976x		 0.966	 y	=	-0.688	+	0.956x		 0.925	 y	=	-1.330	+	0.982x		 0.972	 y	=	0.234	+	0.725x		 0.548	
Dec	 y	=	-0.773	+	0.973x		 0.959	 y	=	-0.866	+	0.932x		 0.928	 y	=	-1.525	+	0.961x		 0.954	 y	=	0.233	+	0.731x		 0.425	
Table A.6: Regression between daily conditions at Waskesiu and OA (1997-2018) 
Month	 MeanAirTemp	 R2	 MinAirTemp	 R2	 MaxAirTemp	 R2	 Precip	 R2	
Jan	 y	=	0.425	+	0.978x		 0.967	 y	=	0.155	+	0.920x		 0.936	 y	=	-0.385	+	0.981x		 0.959	 y	=	0.259	+	0.732x		 0.313	
Feb	 y	=	0.037	+	0.950x		 0.954	 y	=	0.209	+	0.889x		 0.909	 y	=	-1.098	+	0.955x		 0.936	 y	=	0.190	+	0.486x		 0.295	
Mar	 y	=	-0.043	+	0.933x		 0.964	 y	=	0.528	+	0.877x		 0.917	 y	=	-1.229	+	0.956x		 0.953	 y	=	0.370	+	0.398x		 0.271	
Apr	 y	=	0.572	+	0.990x		 0.949	 y	=	1.529	+	0.894x		 0.840	 y	=	-0.846	+	0.984x		 0.971	 y	=	0.369	+	0.612x		 0.454	
May	 y	=	0.276	+	1.035x		 0.935	 y	=	2.042	+	0.918x		 0.789	 y	=	-0.313	+	0.964x		 0.968	 y	=	0.285	+	0.786x		 0.688	
Jun	 y	=	-0.02	+	1.009x		 0.893	 y	=	2.679	+	0.847x		 0.720	 y	=	-0.173	+	0.947x		 0.955	 y	=	0.745	+	0.744x		 0.575	
Jul	 y	=	0.109	+	0.993x		 0.878	 y	=	3.471	+	0.812x		 0.624	 y	=	0.414	+	0.926x		 0.930	 y	=	0.594	+	0.745x		 0.535	
Aug	 y	=	-0.475	+	1.028x		 0.908	 y	=	2.431	+	0.886x		 0.679	 y	=	-0.625	+	0.974x		 0.958	 y	=	0.285	+	0.749x		 0.572	
Sep	 y	=	-0.354	+	1.031x		 0.937	 y	=	1.453	+	0.941x		 0.750	 y	=	-0.736	+	0.992x		 0.975	 y	=	0.198	+	0.781x		 0.715	
Oct	 y	=	-0.213	+	1.046x		 0.956	 y	=	0.931	+	1.011x		 0.816	 y	=	-0.675	+	1.000x		 0.970	 y	=	0.369	+	0.464x		 0.359	
Nov	 y	=	-0.097	+	0.979x		 0.972	 y	=	0.296	+	0.959x		 0.931	 y	=	-0.607	+	0.977x		 0.974	 y	=	0.218	+	0.695x		 0.339	
Dec	 y	=	0.194	+	0.971x		 0.966	 y	=	0.018	+	0.919x		 0.932	 y	=	-0.482	+	0.965x		 0.964	 y	=	0.163	+	0.699x		 0.481	
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Figure A.1: Monthly mean temperature at OJP modeled from ECCC climate data from Prince 
Albert station # 4056241 (grey dotted line), compared with instrumental temperature from 
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Example Code  
#Modeled monthly temperature at OJP from PA.  
 
### Read in daily data 
 
filesPA <- dir(file.path("data/climatePA"), pattern = "*.csv", full.names = T) # Folder containing 
raw output from https://climate.weather.gc.ca/historical_data/search_historic_data_e.html (daily 
conditions at Prince Albert from 1997 - 2018) 
 
daily.clim.PA <- filesPA %>% 
  map_df(~read_csv(.x, col_types = cols(.default = "d", `Date/Time` = col_character()), skip = 
24)) %>% 
  mutate(`Date` = ymd(`Date/Time`, tz = "America/Regina")) %>% 
  mutate(AirTempPA = `Mean Temp (°C)`) %>% 
  mutate(minAirTempPA = `Min Temp (°C)`) %>% 
  mutate(maxAirTempPA = `Max Temp (°C)`) %>% 
  mutate(PrecipPA = `Total Precip (mm)`) %>% 
  select(Date, Year, Month, Day, AirTempPA, minAirTempPA, maxAirTempPA, PrecipPA) 
daily.climate.OJP <- read_csv("~/Desktop/BERMS Analysis/Climate 
Daily/daily.climate.OJP.csv") %>% 
  mutate(`Date` = ymd(`Date`, tz = "America/Regina")) %>% 
  mutate(AirTempOJP = AirTemp) %>% 
  mutate(minAirTempOJP = minAirTemp) %>% 
  mutate(maxAirTempOJP = maxAirTemp) %>% 
  mutate(PrecipOJP = Precip) %>% 
  select(Date, Year, Month, Day, AirTempOJP, minAirTempOJP, maxAirTempOJP, PrecipOJP) 
 
daily.climate.OBS <- read_csv("~/Desktop/BERMS Analysis/Climate 
Daily/daily.climate.OBS.csv") %>% 
  mutate(`Date` = ymd(`Date`, tz = "America/Regina")) %>% 
  mutate(AirTempOBS = AirTemp) %>% 
  mutate(minAirTempOBS = minAirTemp) %>% 
  mutate(maxAirTempOBS = maxAirTemp) %>% 
  mutate(PrecipOBS = Precip) %>% 
  select(Date, Year, Month, Day, AirTempOBS, minAirTempOBS, maxAirTempOBS, 
PrecipOBS) 
 
daily.climate.OA <- read_csv("~/Desktop/BERMS Analysis/Climate 
Daily/daily.climate.OA.csv") %>% 
  mutate(`Date` = ymd(`Date`, tz = "America/Regina")) %>% 
  mutate(AirTempOA = AirTemp) %>% 
  mutate(minAirTempOA = minAirTemp) %>% 
  mutate(maxAirTempOA = maxAirTemp) %>% 
  mutate(PrecipOA = Precip) %>% 
  select(Date, Year, Month, Day, AirTempOA, minAirTempOA, maxAirTempOA, PrecipOA) 
### Join 
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Daily.Climate <- daily.clim.PA %>% 
  left_join(daily.climate.OJP) %>% 
  left_join(daily.climate.OBS) %>% 
  left_join(daily.climate.OA) 
 
### Subset by month 
 
Jan.Daily.Climate <- Daily.Climate %>% 
  filter(Month == 1) 
Feb.Daily.Climate <- Daily.Climate %>% 
  filter(Month == 2) 
Mar.Daily.Climate <- Daily.Climate %>% 
  filter(Month == 3) 
Apr.Daily.Climate <- Daily.Climate %>% 
  filter(Month == 4) 
May.Daily.Climate <- Daily.Climate %>% 
  filter(Month == 5) 
Jun.Daily.Climate <- Daily.Climate %>% 
  filter(Month == 6) 
Jul.Daily.Climate <- Daily.Climate %>% 
  filter(Month == 7) 
Aug.Daily.Climate <- Daily.Climate %>% 
  filter(Month == 8) 
Sep.Daily.Climate <- Daily.Climate %>% 
  filter(Month == 9) 
Oct.Daily.Climate <- Daily.Climate %>% 
  filter(Month == 10) 
Nov.Daily.Climate <- Daily.Climate %>% 
  filter(Month == 11) 
Dec.Daily.Climate <- Daily.Climate %>% 
  filter(Month == 12) 
 
### Build linear models 
 
Jan.OJPvPA.AT <- lm(Jan.Daily.Climate$AirTempOJP ~ Jan.Daily.Climate$AirTempPA) 
Feb.OJPvPA.AT <- lm(Feb.Daily.Climate$AirTempOJP ~ Feb.Daily.Climate$AirTempPA) 
Mar.OJPvPA.AT <- lm(Mar.Daily.Climate$AirTempOJP ~ Mar.Daily.Climate$AirTempPA) 
Apr.OJPvPA.AT <- lm(Apr.Daily.Climate$AirTempOJP ~ Apr.Daily.Climate$AirTempPA) 
May.OJPvPA.AT <- lm(May.Daily.Climate$AirTempOJP ~ May.Daily.Climate$AirTempPA) 
Jun.OJPvPA.AT <- lm(Jun.Daily.Climate$AirTempOJP ~ Jun.Daily.Climate$AirTempPA) 
Jul.OJPvPA.AT <- lm(Jul.Daily.Climate$AirTempOJP ~ Jul.Daily.Climate$AirTempPA) 
Aug.OJPvPA.AT <- lm(Aug.Daily.Climate$AirTempOJP ~ Aug.Daily.Climate$AirTempPA) 
Sep.OJPvPA.AT <- lm(Sep.Daily.Climate$AirTempOJP ~ Sep.Daily.Climate$AirTempPA) 
Oct.OJPvPA.AT <- lm(Oct.Daily.Climate$AirTempOJP ~ Oct.Daily.Climate$AirTempPA) 
Nov.OJPvPA.AT <- lm(Nov.Daily.Climate$AirTempOJP ~ Nov.Daily.Climate$AirTempPA) 
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Dec.OJPvPA.AT <- lm(Dec.Daily.Climate$AirTempOJP ~ Dec.Daily.Climate$AirTempPA) 
 
Jan.OJPvPA.mT <- lm(Jan.Daily.Climate$minAirTempOJP ~ 
Jan.Daily.Climate$minAirTempPA) 
Feb.OJPvPA.mT <- lm(Feb.Daily.Climate$minAirTempOJP ~ 
Feb.Daily.Climate$minAirTempPA) 
Mar.OJPvPA.mT <- lm(Mar.Daily.Climate$minAirTempOJP ~ 
Mar.Daily.Climate$minAirTempPA) 
Apr.OJPvPA.mT <- lm(Apr.Daily.Climate$minAirTempOJP ~ 
Apr.Daily.Climate$minAirTempPA) 
May.OJPvPA.mT <- lm(May.Daily.Climate$minAirTempOJP ~ 
May.Daily.Climate$minAirTempPA) 
Jun.OJPvPA.mT <- lm(Jun.Daily.Climate$minAirTempOJP ~ 
Jun.Daily.Climate$minAirTempPA) 
Jul.OJPvPA.mT <- lm(Jul.Daily.Climate$minAirTempOJP ~ 
Jul.Daily.Climate$minAirTempPA) 
Aug.OJPvPA.mT <- lm(Aug.Daily.Climate$minAirTempOJP ~ 
Aug.Daily.Climate$minAirTempPA) 
Sep.OJPvPA.mT <- lm(Sep.Daily.Climate$minAirTempOJP ~ 
Sep.Daily.Climate$minAirTempPA) 
Oct.OJPvPA.mT <- lm(Oct.Daily.Climate$minAirTempOJP ~ 
Oct.Daily.Climate$minAirTempPA) 
Nov.OJPvPA.mT <- lm(Nov.Daily.Climate$minAirTempOJP ~ 
Nov.Daily.Climate$minAirTempPA) 
Dec.OJPvPA.mT <- lm(Dec.Daily.Climate$minAirTempOJP ~ 
Dec.Daily.Climate$minAirTempPA) 
Jan.OJPvPA.MT <- lm(Jan.Daily.Climate$maxAirTempOJP ~ 
Jan.Daily.Climate$maxAirTempPA) 
Feb.OJPvPA.MT <- lm(Feb.Daily.Climate$maxAirTempOJP ~ 
Feb.Daily.Climate$maxAirTempPA) 
Mar.OJPvPA.MT <- lm(Mar.Daily.Climate$maxAirTempOJP ~ 
Mar.Daily.Climate$maxAirTempPA) 
Apr.OJPvPA.MT <- lm(Apr.Daily.Climate$maxAirTempOJP ~ 
Apr.Daily.Climate$maxAirTempPA) 
May.OJPvPA.MT <- lm(May.Daily.Climate$maxAirTempOJP ~ 
May.Daily.Climate$maxAirTempPA) 
Jun.OJPvPA.MT <- lm(Jun.Daily.Climate$maxAirTempOJP ~ 
Jun.Daily.Climate$maxAirTempPA) 
Jul.OJPvPA.MT <- lm(Jul.Daily.Climate$maxAirTempOJP ~ 
Jul.Daily.Climate$maxAirTempPA) 
Aug.OJPvPA.MT <- lm(Aug.Daily.Climate$maxAirTempOJP ~ 
Aug.Daily.Climate$maxAirTempPA) 
Sep.OJPvPA.MT <- lm(Sep.Daily.Climate$maxAirTempOJP ~ 
Sep.Daily.Climate$maxAirTempPA) 
Oct.OJPvPA.MT <- lm(Oct.Daily.Climate$maxAirTempOJP ~ 
Oct.Daily.Climate$maxAirTempPA) 
	
	 	 	155 
Nov.OJPvPA.MT <- lm(Nov.Daily.Climate$maxAirTempOJP ~ 
Nov.Daily.Climate$maxAirTempPA) 
Dec.OJPvPA.MT <- lm(Dec.Daily.Climate$maxAirTempOJP ~ 
Dec.Daily.Climate$maxAirTempPA) 
 
### Read in monthly climate data 
 
MonthlyMeanTempPA <- read_csv("~/Desktop/BERMS Analysis/Annual 
Data/meanTempPA.csv") 
MonthlyMinTempPA <- read_csv("~/Desktop/BERMS Analysis/Annual 
Data/minTempPA.csv") 
MonthlyMaxTempPA <- read_csv("~/Desktop/BERMS Analysis/Annual 
Data/maxTempPA.csv") 
 
### Model monthly temperature at OJP  
 
MeanTempOJPfromPA <- MonthlyMeanTempPA %>% 
  mutate(Year = Year) %>% 
  mutate(Jan = Jan*coef(Jan.OJPvPA.AT)[[2]] + coef(Jan.OJPvPA.AT)[[1]]) %>% 
  mutate(Feb = Feb*coef(Feb.OJPvPA.AT)[[2]] + coef(Feb.OJPvPA.AT)[[1]]) %>% 
  mutate(Mar = Mar*coef(Mar.OJPvPA.AT)[[2]] + coef(Mar.OJPvPA.AT)[[1]]) %>% 
  mutate(Apr = Apr*coef(Apr.OJPvPA.AT)[[2]] + coef(Apr.OJPvPA.AT)[[1]]) %>% 
  mutate(May = May*coef(May.OJPvPA.AT)[[2]] + coef(May.OJPvPA.AT)[[1]]) %>% 
  mutate(Jun = Jun*coef(Jun.OJPvPA.AT)[[2]] + coef(Jun.OJPvPA.AT)[[1]]) %>% 
  mutate(Jul = Jul*coef(Jul.OJPvPA.AT)[[2]] + coef(Jul.OJPvPA.AT)[[1]]) %>% 
  mutate(Aug = Aug*coef(Aug.OJPvPA.AT)[[2]] + coef(Aug.OJPvPA.AT)[[1]]) %>% 
  mutate(Sep = Sep*coef(Sep.OJPvPA.AT)[[2]] + coef(Sep.OJPvPA.AT)[[1]]) %>% 
  mutate(Oct = Oct*coef(Oct.OJPvPA.AT)[[2]] + coef(Oct.OJPvPA.AT)[[1]]) %>% 
  mutate(Nov = Nov*coef(Nov.OJPvPA.AT)[[2]] + coef(Nov.OJPvPA.AT)[[1]]) %>% 
  mutate(Dec = Dec*coef(Dec.OJPvPA.AT)[[2]] + coef(Dec.OJPvPA.AT)[[1]]) 
 
MinTempOJPfromPA <- MonthlyMinTempPA %>% 
  mutate(Year = Year) %>% 
  mutate(Jan = Jan*coef(Jan.OJPvPA.mT)[[2]] + coef(Jan.OJPvPA.mT)[[1]]) %>% 
  mutate(Feb = Feb*coef(Feb.OJPvPA.mT)[[2]] + coef(Feb.OJPvPA.mT)[[1]]) %>% 
  mutate(Mar = Mar*coef(Mar.OJPvPA.mT)[[2]] + coef(Mar.OJPvPA.mT)[[1]]) %>% 
  mutate(Apr = Apr*coef(Apr.OJPvPA.mT)[[2]] + coef(Apr.OJPvPA.mT)[[1]]) %>% 
  mutate(May = May*coef(May.OJPvPA.mT)[[2]] + coef(May.OJPvPA.mT)[[1]]) %>% 
  mutate(Jun = Jun*coef(Jun.OJPvPA.mT)[[2]] + coef(Jun.OJPvPA.mT)[[1]]) %>% 
  mutate(Jul = Jul*coef(Jul.OJPvPA.mT)[[2]] + coef(Jul.OJPvPA.mT)[[1]]) %>% 
  mutate(Aug = Aug*coef(Aug.OJPvPA.mT)[[2]] + coef(Aug.OJPvPA.mT)[[1]]) %>% 
  mutate(Sep = Sep*coef(Sep.OJPvPA.mT)[[2]] + coef(Sep.OJPvPA.mT)[[1]]) %>% 
  mutate(Oct = Oct*coef(Oct.OJPvPA.mT)[[2]] + coef(Oct.OJPvPA.mT)[[1]]) %>% 
  mutate(Nov = Nov*coef(Nov.OJPvPA.mT)[[2]] + coef(Nov.OJPvPA.mT)[[1]]) %>% 
  mutate(Dec = Dec*coef(Dec.OJPvPA.mT)[[2]] + coef(Dec.OJPvPA.mT)[[1]]) 
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MaxTempOJPfromPA <- MonthlyMaxTempPA %>% 
  mutate(Year = Year) %>% 
  mutate(Jan = Jan*coef(Jan.OJPvPA.MT)[[2]] + coef(Jan.OJPvPA.MT)[[1]]) %>% 
  mutate(Feb = Feb*coef(Feb.OJPvPA.MT)[[2]] + coef(Feb.OJPvPA.MT)[[1]]) %>% 
  mutate(Mar = Mar*coef(Mar.OJPvPA.MT)[[2]] + coef(Mar.OJPvPA.MT)[[1]]) %>% 
  mutate(Apr = Apr*coef(Apr.OJPvPA.MT)[[2]] + coef(Apr.OJPvPA.MT)[[1]]) %>% 
  mutate(May = May*coef(May.OJPvPA.MT)[[2]] + coef(May.OJPvPA.MT)[[1]]) %>% 
  mutate(Jun = Jun*coef(Jun.OJPvPA.MT)[[2]] + coef(Jun.OJPvPA.MT)[[1]]) %>% 
  mutate(Jul = Jul*coef(Jul.OJPvPA.MT)[[2]] + coef(Jul.OJPvPA.MT)[[1]]) %>% 
  mutate(Aug = Aug*coef(Aug.OJPvPA.MT)[[2]] + coef(Aug.OJPvPA.MT)[[1]]) %>% 
  mutate(Sep = Sep*coef(Sep.OJPvPA.MT)[[2]] + coef(Sep.OJPvPA.MT)[[1]]) %>% 
  mutate(Oct = Oct*coef(Oct.OJPvPA.MT)[[2]] + coef(Oct.OJPvPA.MT)[[1]]) %>% 
  mutate(Nov = Nov*coef(Nov.OJPvPA.MT)[[2]] + coef(Nov.OJPvPA.MT)[[1]]) %>% 
  mutate(Dec = Dec*coef(Dec.OJPvPA.MT)[[2]] + coef(Dec.OJPvPA.MT)[[1]]) 
 
write.csv(MeanTempOJPfromPA, "~/Desktop/BERMS Analysis/Annual 
Data/meanTempOJPPA.csv") 
write.csv(MinTempOJPfromPA, "~/Desktop/BERMS Analysis/Annual 
Data/minTempOJPPA.csv")  
write.csv(MaxTempOJPfromPA, "~/Desktop/BERMS Analysis/Annual 
Data/maxTempOJPPA.csv")  
 
### Plot against instrumental temperature (1997-2018) 
 
plot(meanTempOJPPA$Year, meanTempOJPPA$Jan, 
     main = "Reconsctructions of Historical Temperature Data \n Jan Mean Temp at OJP (From 
PA)", 
     xlab = "Year", 
     ylab = "Mean Temp (°C)", 
     type = "l", 
     lty = 2, 
     col = "Grey") 
lines(MeanTempOJP$Year, MeanTempOJP$Jan, 











	 	 	157 
APPENDIX B 
A COMPARISON OF TECHNIQUES FOR EXTRACTING AND REPRESENTING 
HIGH RESOLUTION RADIAL INCREMENT DATA 
Automatic dendrometers produce high resolution records of stem size, capturing both 
reversible and irreversible variation associated with water and growth dynamics. In this 
dissertation, a comprehensive assessment of radial growth and its interactions with climate and 
carbon across the temporal scale, it is important to effectively disentangle the growth signal from 
the water signal. The stem-water signal functions on sub-daily to daily scales, largely driven by 
diurnal fluctuations in temperature and transpiration, as well as precipitation and soil moisture 
(Herzog et al., 1995). The finest resolution one can hope to achieve, in describing the radial 
increment, is therefore daily.  
The most common methods for extracting radial growth records from high-resolution 
dendrometer data are the “stem cycle approach” and the “daily approach” discussed and 
compared at length in Deslauriers et al. (2007). In this section, these methods are compared. For 
the stem cycle approach, the dendrometeR package (van der Maaten et al., 2016) was used to 
breakdown each cycle into its distinct phases, contraction (phase 1), expansion (phase 2), and the 
radial increment (phase 3). The radial increment phase is only present when the previous cycles’ 
maximum is surpassed during the current cycle. Therefore, each cycle does not necessarily 
contain a phase 3. The dendrometeR package also produces data regarding a phase 4, which 
describes the properties of each complete cycle, and contains information regarding cycle 
maxima regardless of whether peak stem size from the previous day was surpassed. The daily 
approach involves extracting a daily mean, maximum, and minimum for each 24h period. A 
simple R-script was written to extract these values. Data for both the stem cycle and daily 
approaches are calculated for each tree individually before calculating a site average (Figures B.1 
– B.4).  
The main difference between the stem cycle approach and the daily approach is the way 
the dataset is broken up, with one governed by the length of each stem cycle, and the other 
governed by the hours in a day. The stem cycle may therefore last longer than 24 hours in 
response to a long expansion phase, or if there is no discernable contraction phase. This would 
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result in an exaggerated radial increment or cycle maxima that is more likely to be related to an 
input of moisture, rather than a pulse of radial growth. The other difference is the level of 
complexity associated with each extraction method. For the stem cycle approach, before the data 
can be broken down into cycles and cycle phases, a gap filling procedure must be run in the 
presence of missing data. This was necessary in several instances with my data, due to gaps 
resulting from sensor malfunction, and issues with wildlife. The added complexity associated 
with the stem cycle approach may result in a higher level of uncertainty.  
Due to the potential for the stem cycle approach to produce exaggerated stem size data in 
response to precipitation (Figures B.1 – B.4), and due to uncertainty introduced by the gap filling 
procedure, records of mean daily stem size are used for analysis in Manuscripts one and two 
(Chapters 2 and 3). This is further justified considering the findings from Deslauriers et al. 
(2007), which found a tight correlation between records of mean daily stem size, and increment 
data produced using the stem cycle approach.  
When it comes to representing stem size data, there are a few options. Radial increment 
data are often recorded as stem radius variations, based on the change in stem size between 
subsequent days or cycles (Deslauriers et al., 2007). This produces a “flat” dataset of stem radius 
that fluctuates around zero. Stem radius change (DR) is exactly zero when there is no change in 
stem radius between two subsequent days or cycles. It is positive (DR+) if there is an increase in 
stem size, or negative (DR-) if there is a decrease in stem size, compared with the previous day or 
cycle. Another option is to construct radial increment time series that are cumulative, beginning 
from an initial DBH, or from zero (See Figure B.5 for a comparison). This is often used as a 
simple depiction of radial growth, which is cumulative by nature. Data of ∆R are used for 
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Figure B.1: Comparing records of daily stem size from the 2015 growing season extracted using the daily approach (daily.max, 

















































Figure B.2: Comparing records of daily stem size from the 2016 growing season extracted using the daily approach (daily.max, 















































Figure B.3: Comparing records of daily stem size from the 2017 growing season extracted using the daily approach (daily.max, 









































Figure B.4: Comparing records of daily stem size from the 2018 growing season extracted using the daily approach (daily.max, 



































Figure B.5: A comparison of representation techniques for mean daily stem size data. Cumulative mean daily stem size is shown in 
grey, and variations in mean daily stem size in black. This example data were collected in 2016 at the OJP site.
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APPENDIX C 
TESTING FOR NORMALITY IN THE TREE RING DATA AND COMPARING 
PARAMETRIC AND NON-PARAMETRIC CORRELATION COEFICIENTS 
Pearson’s correlation is a widely used and common test for assessing the linear 
relationship between two variables. One of the main assumptions underlying this test is that the 
data are normally distributed. It is often said that this assumption must be met if we are to draw 
accurate conclusions from hypothesis testing. However, it has been shown that Pearson’s 
correlation coefficient (r) is relatively insensitive to data non-normality, and that the rate of type 
1 and type 2 errors only increases when data are exceptionally non-normal, with a “highly 
kurtotic” shape (Bishara & Hittner, 2012). While bootstrapping or other resampling procedures 
may help further reduce the possibility for error in hypothesis testing, in cases where we are 
dealing with non-normal data, a nonparametric test for correlation may still be favored (Bishara 
& Hittner, 2012). The most common nonparametric tests for correlation are Spearman’s rho, and 
Kendall’s tau. 
The Shapiro-Wilk test is used to assess normality in the daily stem size change (∆R) data. 
This is done over a moving window to test for data normality within each of the 30-day intervals 
over which dynamic relationships between ∆R and local meteorological variables are assessed in 
Chapter 2, and dynamic relationships between ∆R and ecosystem carbon are assessed in Chapter 
3 (Figure C.1). Furthermore, non-bootstrapped versions of the moving-window correlation 
analyses undertaken in Chapters 2 and 3, are computed using Pearson’s r, Spearman’s rho, and 
Kendall’s tau, and the results and conclusions drawn from these independent analyses are 
compared (Figure C.2).  
Data normality varies significantly between species and growing seasons (Figure C.1). 
The percentage of intervals that contain normal data in each growing season and for a given 
species varies from 12% (jack pine in 2015) to 90% (jack pine in 2016). In general, the 2015 
growing season contains the largest proportion of intervals containing non-normal ∆R data, and 
the 2016 growing season contains the largest proportion of intervals containing normally 
distributed ∆R data. Intervals during the 2017 and 2018 growing seasons are more likely to 
contain normal data, however the percentage of intervals containing normally distributed data 
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relative to the total is often not far above 50%. The only conclusion that can be drawn here is that 
normality in the ∆R data over a given 30-day window within the growing season is haphazard. 
Repeating the same moving-window correlation analysis using parametric (Pearson’s r) 
and nonparametric (Spearman’s rho, and Kendall’s tau) correlation coefficients yields results 
that, in most cases, are practically identical (Figure C.2). The 2015 growing season is the only 
growing season during which results between parametric and non-parametric tests differ 
significantly. During the second half of the 2015 growing season, Pearson’s correlations 
highlight statistically significant negative relationships between the ∆R of jack pine (OJP), black 
spruce (OBS), and eastern larch (LA), and ecosystem production (GEP and NEP). A relationship 
which becomes insignificant when nonparametric tests for correlation are applied (Figure D.2). 
When Pearson’s correlations are bootstrapped however, as they are in Chapter 3 (Figure 3.4), the 
results more closely resemble those from the non-parametric tests. Therefore, the potential for 
type 1 error, in this case the identification of potentially false relationships by Pearson’s r during 
the growing season with the highest proportion of intervals containing non-normal data, would 
seem to have been mitigated through the process of bootstrapping. During the three remaining 
growing seasons in the observation period (2016, 2017, and 2018), it can be said that there are 
minor differences in the presence and persistence of significant relationships highlighted by each 
test, but none that would impact the observations made, or conclusions drawn in Chapters 2 or 3. 
Therefore, due to its widespread application in dendroclimatology, and due to the proven ability 
of bootstrapping to minimize type 1 error in response to data non-normality, Pearson’s r remains 
the most desirable test for correlation, allowing for the use of relatively standard methodology, 
which increases ease of application and replicability.    
Reference 
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Figure C.1: Intervals containing non-normal ∆R data are identified with 95% confidence and are indicated with a pink box in the 
bottommost portion of each graph, intervals which contain normally distributed ∆R data are indicated by a blue box in the topmost 
portion of each graph. The percentage of intervals containing normal data relative to the total number of intervals is recorded in the 
top right corner of each graph. Graphs are arranged in a two-dimensional matrix with growing season year listed above each column, 
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Figure C.2: Comparing results from Pearson’s, Spearman’s, and Kendall’s tests for correlation. Relationships are flagged (*) if 
correlation coefficients surpass critical values required for statistical significance.
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APPENDIX D 
LONG-TERM CLIMATIC TRENDS IN PRINCE ALBERT 
To get a sense of how conditions have changed in Prince Albert over a timeframe 
relevant to the research presented in this dissertation, an analysis of trends in monthly 
precipitation (Figure B.1) and temperature (Figure B.2) was undertaken. Data of monthly total 
adjusted precipitation, and homogenized mean monthly temperature, from the Environment and 
Climate Change Canada (ECCC) climate stations in Prince Albert (#4056240 and #4056241), 
were acquired online at https://www.canada.ca/en/environment-climate-change/services/climate-
change/science-research-data/climate-trends-variability/adjusted-homogenized-canadian-
data.html. These climate records are complete from 1890 – 2012 for precipitation, and from 1890 
– 2018 for temperature. For each month, trends in the temperature and precipitation data, since 
1890, and since 1950, were assessed by plotting time series fit with linear trend-lines using the 
least-squares method, and by comparing the first and last 30-year mean from each time series as 
a measure of change. The earliest 30-year means, the two reference periods, span periods from 
1890 – 1919, and from 1950 – 1979, for both temperature and precipitation. The latest 30-year 
means span the period from 1983 – 2012 for precipitation, and 1989 – 2018 for temperature. 
Percent change in precipitation was calculated as the difference between the last and first 30-year 
means divided by the first 30-year mean.  
The months with the most marked increases in total precipitation are April and October, 
with respective increases of 64% and 47% relative to the 1890 reference period (the 30-year 
mean between 1890 – 1919). Compared with this period, nearly all months saw increases in 
precipitation, except August and November. Other months with notable increases in precipitation 
include January, May, June, July, and September.  
Relative to both reference periods (1890 – 1919, and 1950 – 1979), temperature has 
increased during every month except October, which experienced little change. The most 
significant changes in temperature occurred in January, with a 4.4°C and 5.2°C increase relative 
to the 1890 and 1950 reference periods respectively. There were also marked increases in 
temperature in February (4.6°C, and 2.3°C) and March (3.8°C and 3.1°C). The remainder of the 
increases in mean monthly temperature were around the 1°C mark. 
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Figure D.1: Long-term trends in total monthly precipitation from 1890-2012 (left column) and 
from 1950-2012 (right column), as well as mean annual precipitation (bottommost two graphs). 
The linear trend line was fit using the least-squares method and is green if positive and yellow if 
negative. The change reported in the top right corner of each graph represents the difference 
between the first and last 30-year mean of each record. Percent change is calculated as the 
difference of the last and first 30-year means divided by the first 30-year mean. 
average precip = 473.53 (mm)
change = 60.38 (mm)
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Figure D.2: Long-term trends in mean monthly temperature from 1890-2018 (left column) and 
from 1950-2018 (right column), as well as total annual temperature (bottommost two graphs). 
The linear trend line was fit using the least-squares method and is green if positive and yellow if 
negative. The change reported in the top right corner of each graph represents the difference 
between the first and last 30-year mean of each record. Percent change is calculated as the 




























































































































average temp = 0.72 (°C)
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Mean Annual Temp 1950−2018
